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AUTHOR’iS PREFACE 


The present edition of the “General Outlines” differs in many 
important respecAs from its predecessors. The reproach has always 
been levelled against the “ Outlines ” that il^ in contrast with my 
other boohs, is too difficult ” ; and, although so recently as in the 
last edition I expressed my inability to remedy this defect, I have 
since then borne in mind this just reproach. Accordingly, in the 
present edition, I have directed my energies in the first instance 
towards bringing this book more into line with the others. If I may 
accept the verdict pronounced upon portions of the book while 
passing through the press, these disadvantages to the reader have 
been successfully overcome. 

The mechanical aids, as the division into short sections provided 
with headlines, and the use of spaced type to emphasise important 
ideas in the text, will meet the eye of even the casual reader In 
additon, the whole text has been carefully revised with the same 
object in view, and I hope that I have succeeded in rendering the 
book more readily accessible. 

Not only have I made important changes in the arrangement of 
the whole, and in the development of the fundamental principles of 
chemistry in accordance with the evolution of the science, but ^ have 
also introduced several new chapters, on ions in gases and radio- 
activity, and on colloids. The justification of the title selected for 
the latter chapter, microchemistry, will be found there. It will then 
be observed how naturally this subjeS,^ the phenomena of which are 
primarily conditioned by surface-energy, takes its place alongside of 
the older subjects of thermochemistry, electrochemmtry, and photo- 
chemistry. ^ 

The elaboration of the material of these new subjects for the 
pm:pose of presenting a summary of their fundamental principles in 
the “General Outlines” has net been without marked influence on 
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my own scientific development. I am now convinced that we have 
recently become possessed of experimental evidence of the discrete or 
grained natoo of matter, which the atomic hypothesis sought in vain 
for hundreds and thousands of years. The isolation and counting of 
gas ions, oji the one hand, which have crowned with success the long 
and brilliant researches of J. J. Thomson, and, on the other, the 
agreement of the Brownian movements with ' the requirements of 
thq^kinetic hypothesis, established by many investigators and most 
conclusively by J. Perrin, justify the most cautious scientist- in now 
speaking of the experimentar proof of the atomic nature of matter. 
The atomic hypothesis is thus raised to the position of a scientifically 
.well-founded theory, and can claim its place in a tev^t-book intended 
as an introduction to tho present state of our knowledge of General 
Chemistry. 

That I have considered it expedient to give it this place in the 
above-mentioned new chapters, in which the proofs are to be found, 
is scientifically justifiable. From the point of view of stoichiometry 
the atomic theory is merely a convenient mode of representation, for 
the facts, as is well known, can be equally well, and perhaps better, 
represented without the aid of the atomic conception as usually 
advanced In this part of the book, then, I have made’ little use of 
the atomic theory ; but it is only natural that it should be developed 
at a stage where the experimental evidence is considered. I trust, 
therefore, that the expert will find something new in this direction at 
the place indicated. 

In conclusion, I must confess that I could not have undertaken 
the heayy task, which the preparation of this edition has entailed, 
had I not been assured of the untiring and sympathetic assistance of 
Dr. Karl Druoker. To him I am indebted not only for a recalcula- 
tion of" atomic weights, but also for countless suggestions and 
reminders, which often led to extensive rearrangement of the text. 
In particular, he was ever on the watch lest the goal, the conversion 
of the old “ Outlines ’’ into a readable book, should be lost sight of. 


Gkossbothen, 
November 1908. 


^VILHELM OSTWALD. 



TRANSLATOR’S 4»REFA0® 


The present English edition is a translation of the fourth German 
edition, which, ^s Professor Ostwald has said, has heen thoroughly 
revised and largely rewritten. The additions and alterations alluded 
to in the preface rdfer only to the previous German edition. Even a 
cursory comparison of the present English version with its prede- 
cessor will indicate the very extensive additions which have heen 
made. Not only have new chapters on gas ions and radioactivity, 
and on colloid chemistry, been added, but Boole III. on Chemical 
Kinetics and Equilibrium, and Book IV. on Electrochemistry are 
practically new, occupying close on one hundred pages each, as 
against thirty and twenty-five pages in the previous edition. 

The revised proofs of the translation have passed through 
Professor Ostwald’s hands — a guarantee of its substantial accuracy. 
The translator is indebted to Professor James Walker for permission 
to use the earlier translation wherever applicable, and desireg also to 
express his thanks to his colleague, Mr. I. Hoppenstein, B.So., for 
suggestions and kind assistance in reading the proofs. 


1912. 
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MATTER 


CHAPTER I 

THB LAWS OF CONSERVATION 

OilBmSTRY is that branch of Natural Science which deals with 
the specifio properties of objects. We designate as objects 
those parts ' of the external world which are differentiated by their 
properties from their surroundings in such a manner that the sum of 
these properties can be moved from place to place. Such properties 
as remain together unchanged, as colour, shape, weight, we call 
specific properties. By properties are understood all the re- 
lations into which the object can be brought to our organs of sense, 
as well as to other objects Colour is a relation of the object 
to the human eye, weight is a relation in which it stands to the 
earth’s sphere. WTiile relations of the first kind are direct, the 
latter, to be perceived, must be converted into relations of the 
first kind. cannot directly perceive the weight of a body, nor can 

we recognise it by any other sense; but we do so if we 6ee_ it 
fall, or if we try to lift it from the ground, and feel the muscular 
exertion. 

The investigation of properties Aakes place in two directions 
We may keep the object under unchangeable or constant con- 
ditions, and estimate accurately the properties which it possesses 
under these conditions. The results of this method form the 
immediate foundation of oiir^ knowledge of objects Or we may 
alter the conditions under which the object exists in a definite 
and known manner, and ascertain whether and to what extent 
the properties also change. This is a larger and more complicated 
problem than the other, but it is at the same time much more 
1 B 
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important. Tlie former giVes information as to the conditions 
of the world of matter, the latter provides us with a knowledge 
of the processes in it. As the practical influencing of our sur- 
roundings in the direction of warding off injurious conditions, and 
fostering desirable ones, depends entirely upon the appropriate 
processes, a knowledge of these processes is absolutely indispensable, 
if conscious influence" is to be effected ; but this is just the aim 
of all science. 

There are only two kinds of processes in our surroundings. On 
the one hand, alteration of, the objects may be of such .a kind 
that they appear to be essentially the same objects as before, 
while a few properties or relations have suffered change This 
happens, for instance, when objects are moved in space, are 

warmed or cooled, or absorb or omit different Kinds of light. 

On the other hand, the whole natnre of the object may 
he changed as the result of the processes,., as when water 
changes into ice, wine into vinegar, or air into nitric acid. 

Processes of the latter kind occur when two or more different 
objects are brought together under suitable conditions; hut they 
can also be brought about in certain objects by the action 

of heat or of the electric current. The latter kind of processes 
is classed as belonging to Chemistry, while the others belong to 
Physics. The difference is, however, not a hard and fast one, 
and there is a fairly wide border region, which is usually dealt 
with by both Chemistry and by Physics. There is no disadvantage in 
this, for Science is a coherent whole.; the division of it into sections 
is only an eiqjression of the limited faculty of man, in consequence 
of which the knowledge and mastery of the whole of science by 
any one man has long been impossible. In recent times, scientific 
work in this border,,region has become so frequent and so important 
that it has developed into a special branch under the name of 
Physical, or better, General Chemistry. This book is intended to 
be an introduction to this subject. The name “ General Chemistry ” 
implies 'that it is concerned with the more general chemtSal properties 
and processes of matter, or in other words, with the more general 
natural laws relating to these properties and processes, rather 
than with the individual substances. The name “ Physical Chemistry ” 
indicates that much greater u^ is made of the manifold methods 
of Physics, than in descriptiyp' or in preparative chemistry, which 
have hitherto formed the chief part of chemical science. 

Weight. — The most general property, on the presence of which 
the conception of matter is made to depend, is weight. For example, 
the real image of an object projectecTby a concave mirror has no 
weight, and so is not called ^an object, although in other respects 
it appears to be material. Such a connexion of a name and an 
idea is arbitrary, and is purely a matter of nouvenienoe, It is 
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convenient to limit our considerations to systems in whicli we 
recognise weight, and to call such systems, for the sake of brevity, 
objects. 

Weight is directly recognised by the muscle-sense, since we feel 
a certain amount of effort in lifting things. It is soon evident that 
different things give rise to different effort y we say, then, they 
have different weights, or are heavier or lighter. This judgment 
is not very definite, and breaks down altogether when certain 
limits on either side are exceeded. If the body is so heavy that 
it cannot be lifted, the possibility of recognising difference in weight 
disappears. If it is very light, the iihpression on the muscles is so 
small that it is no longer possible to distinguish any difference. 
Further, different people will come to different conclusions as to 
the weight; a* child will find a body very heavy which is light 
to an adult. The individual man varies so much in health and 
other respects tha* even his judgment of the weight of a body 
may vary. 

All these circumstances greatly reduce the precision of the 
judgment which ean be pronounced as to the weight of a body by 
lifting it. These differences are subjective, or dependent upon 
the person of the observer, and it is impossible by such a method 
to say what would be the state of affairs if these subjective 
differences ^ould be avoided, and the objective condition of the 
body itself be alone considered It is of essential importance that 
the latter he known, since it is the foundation of the former. 

Measurement. — We obtain the objective value of the weight 
of a body when we measure it. Since all exact sciences rest upon 
the process of measuring, we shall consider it in its general aspect. 

All measuring is a comparison of systems of the same 
kind. Lengths can only be measured with lengths, times with times, 
and weights, too, only with weights. All measuring begins with the 
arbitrai’y choice of a unit. We may choose any definite body and 
declare that its weight is to be the unit or the standard for all other 
weights. * 

After this has been done, any other body can be compared with 
this normal weight To do so, we establish that the given body 
has a greater or less weight than, or the same weight as, the standard. 

This cau be approximately ascertained by lifting. If we call the 
arbitrarily chosen standard E and tSft body to be compared K, and 
if we lift first E and then K, it is often possible to say at once which 
of them requires the greater effort. This is because we have still a 
recollection of the effort required to lift E when we afterwards lift 
K. The sooner the second experiment follows the first, the more 
definite is this recollection. If the difference is so small that we are 
not quite certain of it, repetition of lifting E and K alternately will 
frequently enable us to recognise the existence of the difference by 
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the consequent improvement' of the recollection. If even then no 
difference ia felt, the weights are said to be equal. 

It IS the general experience that when one person has found E to 
be heavier than K, all other persons will do the same. The only 
difference is that some people can recognise differences where 
others find equality. Summing up these experiences, we .say that 
bodies are objectively* heavier and lighter, corresponding to the 
results of concordant subjective estimates. Still, sensibility, or the 
ability jto recognise small differences, ia subjectively variable. All 
bodies can be arranged objectively in a series, which begins with the 
lightest and ends with the heaviest, although several bodies may have 
. to be grouped together at the same place, because their weights are 
judged to be equal. Inability to form a judgment limits the series 
at both ends. * 

Measuring Instruments. — Although the subjective factor in 
measurement of weight has been, to some exteni, excluded by the 
choice of a standard and by suitable arrangement of the experiment, 
there still remains the disadvantages of restricted range and of 
limited accuracy of measurement. There was no prospect of over- 
coming this disadvantage without some material change in human 
nature and ability ; it was, therefore, a very great advance when 
both of these limits were considerably extended by the invention of 
Measuring Instruments. 

The principle of all measuring instruments is that the object to 
be measured is allowed to act on a suitable system, which is 
influenced by it in some recognisable manner, the magnitude of 
the object is derived from the magnitude of this influence. The 
process was the same when direct use was made of the organs of 
sense, so that it really comes to ho the sub- 
stitution of the human organs of sense by 
some other system, which, like it, is also 
susceptible to change. Eor the rest, it will 
be found to have the characteristics already 
mentioned. • 

Consider, by way of illustration, a 
common letter scale (Fig 1). When an 
object, whoso weight is to bo ascertained, is 
laid upqp the pan, the loaded arm rotates, 
and r^iftains in an oblique position. This 
angle of rotation corresponds to the muscular 
sensation of lifting, and by its means we 
can arrange the different bodies in the same order as before, beginning 
with the lightest. Here, too, there ia *a limit at each end, for too 
heavy bodies cannot be carriqd by the balance, and too light ones 
cause no recognisable movement; further, it depends on the sensi- 
bility of the balance whether two slightly different weights will he 
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found to be the same or nob. The main difference is that optical 
inspection of the angle of rotation on the attached scale is 
substituted for the muscular sensation. 

But very considerable advantages have accrued from this sub- 
stitution of the human body by an inanimate instrument. In the 
first placoj the latter is less liable to change ' Indeed, we rely so 
much (and rightly so) on its immutability that we provide it with a 
fixed scale, which expresses, once for all, the relation between weight 
and angle of rotation. The apparatus is thus possessecb of an 
objective and unchangeable recollection, as it were, by means of 
which the continual use of the standard weight or of another weight 
is made unnecessary In order to know whether a weighed body is 
lighter or hoaxer, all that is necessary is to determine once for all 
what scale division corresponds to the standard weight In the 
second place, we can at will extend the limits in either direction. If 
vve make the insK-ument very fine and light, we can measure very 
small weights with it; by strong and heavy construction it can be 
adapted to heavy loads. So that by division of the field of the 
function, and by ilppropriate construction of the instrument, the field 
can be extended at will, which, of course, cannot bo done with the 
human body. Finally, by suitable refinement of the mechanism, the 
instrument can be made more sensitive, and that is only possible to 
a very limited extent (by pi'actice) in the case of man. 

Still, by those measures the disadvantages and limitations are 
only reduced, but not eliminated. The fineness of the construction 
of balances for the lightest weights, and the capacity for heavy 
weights has its technical limits, which are not absolutely fixed, but 
are only capable of finite extension as technique advances. So, too, 
the absolute sensibility, or the possibility of recognising small 
weights, is so much smaller the stronger and heavier the apparatus 
IS, i.e, the greater the weight which it will carry. But the relative 
sensibility, measured by the fraction of the greatest weight which 
the balance will indicate, is so far independent of the sizQ of the 
balance, and is practically defined by the fineness of the mechanical 
construction 'and the distinctness of the ,r6a<ling There is a limit, 
however, at which the possibility of recognising any difference 
ceases. When no difference can be recognised the objects are 
said to be equal. Equality in ij physical or experimental 
sense is therefore a relative term which depends upon the| 
fineness or sensibility of the apparatus (organ of sense or ‘ 
instrument) which is employed to detect the difference. 

The Lever Balance. — Foj scientific purposes another piece of 
apparatus, which depends on a different principle, is used instead 
of the instrument just described, in wbacb the weights are shown by 
the different positions taken up by a pointer moving over a divided 
scale. In it, the effect of the weight upon a similarly movable 
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apparatus is counterbalanced by allowing other weights to act upon 
the apparatus in the opposite direction. If these weights are known, 
their sum is equal to the unknown weight. 

The advantage of this method is as follows, A balance con- 
structed on the former principle, if it is to have a sufficient range, 
must not he too sensitive, or even a small weight will drive the 
pointer off the scale. But on the other principle the balance may 
be as sensitive as technical means will allow, since the movement of 
the pointer, which indicates when equilibrium is attained, need only 
be very small ; all that is necessary to know is that when a- certain 
weight is opposed to the unknown weight, the pointer remains in its 
original place, or oscillates equally on each side of it. 

Methods which depend on this principle of neutralising or 
compensating the magnitude to he measured hy another, equal to 
it hut opposite in direction, and of arranging the instrument so that 
it will only indicate that this compensation hasf been effected, are 
known as Zero Methods. The name indicates that the effect to 
he measured has been reduced to zero in the manner described, and 
that this has been in fact accomplished. A mifch more accurate 
measurement is thus attained than with the other methods, in which 
an alteration proportional to the effect, or a “ swing ” corresponding 
to it, is obtained. The latter may be called Seale Methods in 
contrast with the zero methods ; they have the merit of simplicity 
and rapidity, but these are gained at the expanse of accuracy and 
sensibility. 

. The accuracy of a method is expressed hy that fraction of the 
I total value which is just recognisable; the sensibility by the 
1 , absolute value of the smallest recognisable change in the magnitude 
y to be measured. 

. The zero method is applied to the determination of weight by 
means' of the Lever Balance and Sets of Weights. The former 
consists of a double lever with two equal arms, the lever resting 
upon a^sharp, straight edge as its axis of rotation ; from the ends of 
the beam are suspended the two scale-pans of equal weight, which 
also rest on knife edges parallel to the other knife edge. All three 
knife edges are in one plane. The apparatus is exactly symmetrical 
with respect to the middle axis, and the weight of the instrument 
is so distributed that the cenhre of gravity lies very little below 
it. Thus a small over-weigbit* on one side causes a considerable 
rotation of the beam. The amount of this rotation remains practically 
constant when the pans are loaded with equal weights It is thus 
possible to measure an unknown wqjght in the manner already 
described, hy placing known weights upon the other pan, and 
changing them until the balaoce shows no excess weight on one side 
or the other. Figure 2 shows a balance such as is used for 
scientific purposes. The two-armed symmetrical beam is shown 
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clearly ; for lightness and rigidity it is Built in the shape of an open 
triangular frame. The middle axis has its knife-edge on the under 
side, as the beam rests upon it j the two side knife-edges are on the 
upper side so as to carry the stirrups for the pans. The whole is 
enclosed in a glass case, for the instrument is so sensitive that it 
would be set in violent and irregular oscillatign by accidental air 
currents in the room, in which it is placed. " 

Absolute and Relative Weight. — One result of employing the 
zero method is that the real measuring apparatus in this easQ is the 
set of .weights, i.e. the collection of kivown weights, by the combina- 
tion of which any required weight (within the given limits) can he 
made up. The possibility of doing this depends upon certain laws 
relating to the weights of all objects, laws which are so well known 



that their validity is tacitly assumed whenever weighings are made, 
but which must, nevertheless, be explicitly stated in a scientific dis- 
cussion of the subject. 

If two rfeights have been brought into equilibrium on a 'balance, 
equilibrium remains under all other circumstances, so long as the 
ratio of the arms of the balance remains the same. We know from 
other circumstances that the absolute weight of the object, or the 
force with which it is attracted to the earth, is by no means constant ; 
it is less on a high mountain than’yi a valley, it also changes with 
the geographical latitude. But the ratio of absolute weights is 
never changed in these circumstances, whether the objects are com- 
posed of tbe same or of different material. The equilibrium remains 
independent of tbe change in absolute weight even in the case of two 
different weights which are brought ipto equilibrium by means of a 
balance with unequal arms. It follows, then, that different weights 
are changed by gravity to equal extents, or remain proportional to 
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one anothei'. For these "weights, -when in equilibrium, are in- 
versely proportional to the arms of the lever on which they act; 
since the latter are not altered, the ratio of the weights must remain 
constant. The absolute weight of any object can, therefore, be 
re2ii’esented by a product qg, in which'q is a value depending solely 
on the object, and g denotes the value of gravity, which changes 
from place to place, but is independent of the nature of the object. 
The ratio of two absolute weights in any given place is given by 
the ratio qg/q'g = q/q', whilst in some other jilace it is qgVq'g' = q/q^ 
the same value as before ^ 

The absolute weight qg must be carefully distinguished from 
the relative weight q. The former represents the force with 
which the object is attracted to the earth at any given place,' and 
must be taken into account in considerations of fsrce and work. 
The relative weight is, on the contrary, independent of the jilace ; 
it would he the same on the sun’s surface as on the earth. As many 
of the affects and properties of bodies, especially the quantity of 
work which they can give rise to during chemical changes, are 
proportional to the relative weight, it alone, as a jule, is of import- 
ance to chemists. Unless expressly stated otherwise, relative weight 
is meant when weight is referred to in this book. 

Since on the ordinary lever balance unknown weights are deter- 
mined by bringing them into equilibrium with known '^eights, only 
the ratio of different absolute weights is found, ie. the relative 
weights are determined. In this sense, the balance is the char- 
acteristic instrument of the modern chemist. 

The Unit of Weight. — As already mentioned, it is necessary to 
choose an object as standard of weight, and to refer all other weights 
to ^ it. The first and most important requirement which such an 
object must satisfy i^ unchangeability. It should not lose particles 
by mechanical usage, or by evaporation', nor should it take up 
ponderable matter from the surrounding air. Easy of fulfilment 
as these conditions at first sight seem to be, it is in reality very 
difficult" when it comes to the last degree of scientific rioonracy. At 
present, a piece of metal made of platinum-iridium (the least change- 
able metal known), and preserved in Paris with the utmost care, 
serves as the standard ; or rather, it represents a unit 1000 tunes 
Its value, the reason being that,^with our present means, the defini- 
tion is more accurate with the "larger than with the smaller piece. 
It is known as the kilogram standard, and the unit derived from' 
it is the gram, abbreviated to g From what has been said already 
regarding tbe laws of relative weight, this unit is evidently a 
sufficient standard, since it is independSnt of the place and of other 
variable conditions. 

The Set of Weights. — Fractions and multiples of the unit are 
made in the following way. Two weights can. he made equal by 
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adding to or taking from the second until it la in equilibrium with 
the first one, as shown by an equal-armed balance. Now no balance 
is absolutely equal-armed, so the errors due to this must be avoided. 
This can be accomplished by bringing the standard weight into 
equilibrium with some other object, and then, having replaced the 
standard by the new weight, adjusting the latter until equilibrium 
is again attained. In this way the inequality of the arms does 
not matter, for it affects the two weights in the same manner, as 
they had been placed on the same scale-pan. This is known as 
weighing by substitution. , 

Any desired number of weights equivalent to the standard can 
be made in this way, and by putting them together any multiple . 
of the unit. To make the fractions of the unit, e.g the tenths, ten 
equal weights iJro made, the sum of which is approximately equal 
to the unit. The difference between the sum of these pieces and 
the unit is determined, and this divided by ten gives the alteration 
on each of the weights necessary to make them correct. 

It may be urged that smaller weights must already bo in use 
to determine this, difference, but all that is needed is a number 
of equal, small weights, with which the difference can be determined ; 
thus the problem can always .he solved. When once the tenths, 
hundredths, etc , of the unit have been made approximately correct, 
the small deyiations from the nominal value can be determined by 
comparison on the balance ; and so a set of weights is obtained which 
IS physically or numerically correct. 

In reality every set of weights contains errors, i.e. small devia- 
tions of the single pieces from their nominal value. These errors 
are estimated in the way already described for tbe manufacture of tbe 
weights ; the small difference between the real and the nominal value 
is found by bringing on to tbe seale-pan such combinations as have 
the same nominal value. For example, 2 is compared with, 1 -(• 1, 

5 with 2 + 2 + 1, etc. As many experimental equations are thus 
obtained as there are weights, and by solving the equations we 
obtain tbe trite weights of the single pieces. 

The practical details of this process are described in the lext- 
books of Experimental Physics or .Chemistry. 

Magnitude. — By a magnitude we understand a value for which 
the additive and commutative laws Ijpld, By values we understand 
primarily such things as are similar “ajpong themselves and so form 
a class, hut which differ in such a way that they can be definitely 
arranged in a series. Temperatures or degrees of beat have this 
property ; they are so far alike that they all represent single con- 
ditions of heated bodies; thSy are different from one another in 
bringing the mercury of a thermometer to different positions. All 
these values form a definite series in which each value occurs once 
only and at a definite place But temperatui-es are not magnitudes 
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(at least not without further assumptions) since their parts do not 
admit of being arranged in any arbitrary order, but each temperature 
region has its well-defined place, as is most clearly shown by the 
figures on a thermometer scale. 

On the other hand we recognise m the properties of weights, as 
already set forth, that we are dealmg with magnitudes in the strictest 
sense. The use of a' set of weights, and the cgntrol of its accuracy, 
depends on the fact that the individual pieces can be combined in 
any oyder and still give exactly the same sum, whatever the arrange- 
ment. The numerals as expressing measures are classed among such 
magnitudes ; and have, too, "been obtained by the combination of 
similar units. There cannot be the least doubt, therefore, that the 
standard of weight must be called one, and the weight which is 
treble the standard must be given the number ot measure three. 
Magnitudes are measured by counting bow many units are contained 
m them Any other system (given the standard) is inadmissible as 
being liable to introduce errors m calculation. Temperatures, on the 
other hand, can be counted from any point we like ; such as the 
melting-point of ice, which is the zero of the E4aumur and the 
Celsius scales; a different arbitrary starting-point for counting 
temperatures is the zero of the Fahrenheit thermometer, which lies 
32° below the melting-point of ice. 

It is of the utmost importance to have a clear conception of these 
questions, especially in the case of values which are in scientific use- 
The subject will bo referred to again on a more suitable occasion. 

The magnitudes to which weights belong have a special character- 
istic. The senes of possible weights is unlimited only on one side ; 
on the other it ends at zero. It resembles in this the series of 
positive numbers, which have the same property. There are no 
negative weights ; d;hey have no physical meaning. They would be 
weights which do not bring objects to the ground but away from it. 
The apparent exception in the case of the balloon, as is well known, 
dajDenda on the buoyancy of the air; by itself, t.c. in a vacuum, it 
would 'fall to the ground. 

When, at the end of the eighteenth century, the phenomena of 
combustion were explained by the escape of a hypothetical sub- 
stance, phlogiston, from the combustible during the reaction, the 
objection was raised against ^bis view (whicb in itself was quite 
consequent) that during comhdstion substances become heavier and 
not lighter. In order that the old view might he retained notwith- 
standing this, the further assumption was made that the weight of 
phlogiston was negative. But it ivas soon found necessary to 
abandon this expedient, as no substance with negative weight could 
be found. It might also have been said that such a substance 
would have long since escaped from the earth, since it would not 
only not be attracted to the earth, but be repelled from it In this 
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we have sufficient reason why substances with positive weight {i.e. 
attracted to the earth) alone are known on the earth, or are likely 
to be known. 

The Oonservation of Weight. — It is evident from the fact that the 
original kilogram kept in Paris has been used as the standard of 
weight throughout the whole world, and is intended to be so used in 
the future, that the belief is entertained that this weight has up to 
now remained unchanged, and will remain unchanged in the future. 
What grounds are there for this assumption 1 , 

The answer appears at first sight to b« simple enough. Weighing 
from time to time will show whethei” the kilogram standard has 
remained unchanged, and thus prove its constancy. 

But to weigh it agaui, use is made of another weight, and this 
must be aasunied to have remained unchanged. If both have 
changed, weighing will only show the difference of the two changes 
If by accident the> two changes were equal, no difference could 
be recognised. Conversely, the absence of difference only admits of 
one conclusion, that the two have suffered the same change, which 
might possibly be 'zero. If, for example, some process within the 
earth’s interior had changed the gravitation constant at a place, the 
balance would give not the slightest indication of it, for all weights 
would be affected in the same ratio, in accordance with the laws given 
on p. 8. 

It has been found that different weights, carefully preserved, have 
not changed in relative weight in the course of time, no matter what 
the material was of which they were made. The simplest conclusion 
from this experience is that no change has occurred. This is practi- 
cally the same as the previous conclusion, that all weights have been 
affected by changes in the same proportion, for the balance affords 
no means of distinguishing between the two The cause of this is 
that the balance only gives relative weights, and therefore only the 
ratio of weights and not their absolute amounts. Other apparatus and 
measurements (pendulum measurements in particular) give informa- 
tion as to ab^lute weight; they show that the absolute weight at 
a given place remains constant, within the limits of error of the 
measurements. It is thus scientifically justifiable to assume complete 
constancy of relative weight. 

This constancy of weight holds SQ»far that complete change in the 
nature of the body, so long as ther0''ig no accession or departure of 
weighable substances, has no measurable effect on the weight 
Attempts to find a difference in weight between water and ice prejiared 
from it by freezing have been unsuccessful. No process of any kind 
is known by which the weight of a sealed-up body can he changed 

The most incisive changes in the ngtture of a body are chemical. 
Substances which can interact have been sealed up in glass vessek of 
such a shajie that they are at first kept separate, and, after sealing 
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Up and woigliing, are mixe'd by inverting the vessel, and thus caused 
to interact Very careful weighings before and after the action 
appeared at first to show small differences, which were greater than 
the error of weighing In consequence many people believed that 
chemical processes might be accompanied by a change of weight. In 
a final research, however, H. Landolt (1908) proved that they were 
experimental errors,'" mainly due to changes in the surface condition 
of the glass vessel brought about by the increased temperature during 
the ipaction "When all the sources of error were allowed for, there 
remained no difference larger than the experimental orroiv and the 
law of the conservation Cf weight during a chemical process 
has been fully established so far as our present methods 
allow. 

Historically this law has, in isolated cases, b^een regarded for 
centuries as correct. Its general validity was first stated by 
Lavoisier about the end of the eighteenth century, and experiment- 
ally verified in many cases. Lavoisier also pointed out the 
important applications of this law to chemical reactions. If, for 
instance, a substance changes weight during a reaetion, the conclusion 
IS justified that weighable substances have come to it or left it, 
according to the direction of the change in weight. 

Work. — The general property of weight brings us to a very 
important and general idea, that of mechanical wosjc or, shortly, 
work. To lift a heavy object from the ground and lay it on the 
table requires exertion, which is greater the greater the absolute 
weight of the object, and which also increases with the height 
through which the object is raised. This exertion, and what is at the 
bottom of it, has also the character of a magnitude in the strict sense, 
since it is commutatively additive. Two equally heavy objects 
require greater exertion if lifted together, and we may put it at 
double the exertion. The same is true of the height, to raise it 
twice the height would demand twice the exertion. The work is 
measured by the product of the weight and the height 

Bift these are only gross approximations witlf no claim to 
scientific accuracy, and the human body must be replaced by some 
form of apparatus specially devised for the purpose, just as in the 
determination of weight A very simple contrivance will serve; 
for example, the two-armed le-yer, which has been already used in 
the balance. ^ 

If the lever has unequal arms, equilibrium results when the 
weights on the two arms are inversely proportional to their lengths. 



g r ® lengths of the arms, and A, B the 

weights on them, then, according 
to the law that A and B are inversely proportional to a and b, A/B = b/a, 
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or Aa = Bb. To look a little closer into ’this equilibrium, suppose 
the lever to make a very small rotation. If this raises A a little, 
B must sink a little, and tke two distances will be in the ratio of 
the lengths of the arms. For a vary small rotation the arcs a and j3 
may be considered as straight lines. From a/j3 = a,jh, and 'the 
former equation, we have Aa = Bj3 as the condition or definition of 
equilibrium. The prqdiicts Aa and B/3 are the products of the 
absolute weights and the corresponding distances through which each 
of them has been displaced, ie. they are the amounts of work and 
for equilibrium, the “virtiiar’ works must be equal. Virtual work is 
that which results from an infinitely smaB movement of the system. 

What has ]ust been said of the lever has been found to be a 
perfectly general law for all mechanical machines. By these is 
meant a combinalion of bodies such that the result of a certain 
movement at one place is a forced movement in some other place. 
The distances traversed stand in a definite ratio, which depends on 
the nature of the machine, and the law holds that machines of this 
kind are in equilibrium when the forces acting at the points 
in motion (and referred to the direction of motion) are opposed 
in direction, and are inversely proportional to the displace- 
ments. That is to say, the products of force and distance, or the 
quantities of work, are equal and opposite, i.e. if the one motion 
implies work iji one direction, the other implies an equal amount of 
work in the opposite direction. 

Work has one property in common with weight — it is a magni- 
tude, for work can be experimentally summed by machines of this kind 
by allowing different forces to act on the same point. Since a force 
has a definite direction, attention must be paid to this, and the 
summation must ha geometrical and not arithmetical. The clearest 
way is to represent the magnitudes and direotiom of the different 
forces by straight lines, and place these together; the lines joining 
the starting-point and the end point give the geometrical sum. 
Geometry shows that the law of commutation holds, for the end 
point is the sanffe in whatever order the lines are put together. 

Work is not an essentially positive magnitude like weight, but 
can occur m two opposed forms which subtract from each other 
instead of adding together. Consider any force, say a given weight, 
and consider its possible movements They may be either risings 
or fallings. If the former, work i8*’dpne upon the body; if the 
latter, work is performed by it Work done is denoted as positive ; 
work performed as negative. It is to be noticed that the result 
is reversed if the calculation is made for the surroundings instead 
of for the object, for it loses just as much ivork as the object takes 
lip and vice versa. 

The amounts of virtual work of a machine in equilibrium are 
therefore always of opposite sign, and as they are numerically equal. 
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their sum is zero. The condition of mechanical equilibrium in any 
machine is that the sum of the virtual works must he zero. 

The Oonaervation of Work. — If work is performed by means of 
a machine, the process consists in putting in work at one of its 
moveable points and taking it out at another. In the screw press, 
for example, worls is expended on the handle of the spindle, and its 
rotation carries the ^crew further in its axis, and performs work in this 
direction. If the two are equal, the machine is in equilibrium ; for it 
to infive, the work applied must be greater than that taken out of it. 

The question now arises how much greater it must be. It 
depends upon the perfectiftn of the machine. The smaller the 
frictional resistance, the smaller will the requisite excess be, and 
with an ideally perfect machine with no friction it may bo zero, in 
which case, however, the machine would move at ?in infinitely slow 
rate. In an ideal machine the work taken in is exactly equal 
to the work given out But this is the condition of equilibrium; 
in order to calculate the maximum efficiency of a machine, it must 
be assumed to be in equilibrium, ^.e. the work useq up is equal 
to that gained. Under the most favourable conditions, a machine 
returns or retains the amount of work unchanged ; it can never be 
increased by a machine. For if the work given out were greater 
than that supplied, the machine would simply go in ihe reverse 
direction. If, for example, a man raises a load by mea.iis'^f a pulley, 
and the work amounts to more than he can apply by the weight of 
his own body, the load will not be raised, but the body of the worker 
will rise. 

This law that no machine can increase the quantity of work has 
been most searchingly tested during past ages. If it were not true, 
it would be possible to make a machine which could perform work 
without expense to the extent of the excess of work taken out over 
that put in. Innumerable inventors have sought in vain to contrive 
some such machine or perpetuum mobile, so that few scientific 
truths have been so thoroughly verified by experiment as that of the 
impossibility of creating work. , • 

This result is by no means self-evident, for other magnitudes may 
be increased by machines , thus a given force can be magnified to 
any desired extent by means of an unequal-armed lover. Archimedes, 
the discoverer of part of th% laws of levers, recognised this when 
he said that he could lift th^ Vorld off its hinges, if he only had a 
fixed point to work on. He should have added that the movement 
would bo infinitely small. For since the work applied would have 
been that of his muscles, the movement, according to the above law, 
would have been such that the product of it and the enormous load 
of the earth equalled the snyill amount of work at his disposal The 
distance would have been vanishingly small, and there is nothing 
singular about it. 
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This law, that work cannot be incrense'd by any machine, but in 
the most favourable case remains unchanged, is known as the law 
of the conservation of work. It is still incomplete, for the 
answer has not been given as to what becomes of the work when the 
machine gives out less than it takes in We shall see later thkt a 
suitable extension of the idea of work brings this sase also into line 
with the others. _ 

The Conservation of Mass. — There is another property of matter 
which is proportional to the weight, and that is its mass. If, p is 
the absolute weight and m the mass, p=igm, g being a proportion- 
ality factor, which changes in exactly the same manner as the factor 
g in the expression on p. 8 connecting absolute and relative weight. 
It has been found expedient to define weight and mass so that these 
two factors are Identical, as has been already indicated by the use 
of the same letter g The kilogram is thus the standard for mass as 
well as for relative vieight 

The idea of mass is obtained from the properties which are 
brought into play when we attempt to set them in motion. If we 
again use muscular, sensation as a rough measure for amounts of 
work, we recognise that more work is required to throw a large stone 
with a certain velocity than a small one. Similarly, it requires 
more work to communicate to a stone a great velocity than a 
small one. Without expenditure of work it caimot be set in motion 
at all, and this increases with the velocity on one hand, and on the 
other hand with the property which has been characterised above as 
a magnitude. The scientific name of this property is mass. 

To compare two masses, equal velocities are imparted to them 
by the appropriate exjienditure of work. By definition two 
objects have equal masses, if they require for this equal 
amounts of work. If two such masses are pi»t together, twice 
the work must be imparted to the compound body to imjiart the*same 
velocity. The masses are therefore additive, and it can be shown 
as before that the sum of a number of masses is independent of 
the order in vtich they are put together Masses are magnitudes 
in the strict sense. The unit of mass is the mass of one gram. 

Since the masses of objects are in a constant ratio to their 
relative weights, there is a law of the conservation of mass 
analogous to that of the conservation gf weight There is, in othei 
words, no process known which chan|^ an object or a system of 
objects in such a way that the system requires more or less work to 
impart to it the same velocity. 

Kinetic Energy. — Since the connexion between mass and weight 
is frequently misunderstood, if will be discussed more thoroughly, 
especially as some of the consideraticyis are important in other 
directions. 

It was mentioned, in defining mass, that certain phenomena 
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■were observed when worli was applied in order to set an object 
in motion. The converse also holds that bodies in motion can do 
work. We see how a pendulum in a complete swing first uses up 
work and gams motion, and then the motion falls off while the 
pendulum rises and therefore takes up work. An ideal pendulum 
always rises to the same height j the transformation of work into 
what for the sake of brevity is provisionally jjalled motion, and the 
reverse transformation is therefore complete and in accord with the 
law of conservation, since the work is finally regained, although it 
has m the interval been transformed into something else 

This and every other thing which results from work and can 
be converted into work is in general called Energy. The particular 
kind of energy which is alternately changed into motion and retrans- 
formod into work is known as kinetic energy because the motion 
of the body concerned is characteristic of it. Still we shall soon 
learn that there are many other kinds of ocergy, all of which 
conform to the general definition ; formation from work and trans- 
formation into work. 

The kinetic energy of a body depends upon two factors as 
stated on p. 16 ; on the mass, and on the velocity of the body. 
If the same velocity is imparted to two equal masses, equal quantities 
of work are used up; the two masses moving together possess 
double the kinetic energy. Since the velocity has .Remained the 
same, and the mass has been doubled, the kinetic energy of a 
body in motion is proportional to its mass. 

But such considerations do not tell us how much work is 
necessary to double the velocity of a given body. Experiments 
show that not double but four times the amount of work is required, 
and that in general the work necessary for imparting any given 
velocity is proportional to the square of the velocity. Kinetic 
energy is therefore proportional to the product of the mass 
and the square of the velocity. Eegard must be paid to this 
particular mathematical form, as the first kind of energy, mechanical 
work, IS a function of the first power of the force and the distance, 
and is therefore proportional to the product of the two magnitudes. 
The factor ^ has been introduced for special reasons as a proportionality 
factor for kinetic energy ; kinetic energy is expressed by E = ^mc®, 
where c is the velocity. The same magnitude was called living force 
in earlier times, before the ide^ of energy had been developed. It 
is as well to know this name, in order to understand what is meant 
when we come across it, but it is not a good name, as it is a magnitude 
of a totally different nature from that of force as defined on p. 13 . 

Weight and Mass. — As is well Tinown, the discovery of the 
laws of falling bodies by G-alileo was, as it were, the threshold of 
modern science. A short discussion from the modern point of 
view will serve to elucidate the main features, • 
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When a heavy body, whose absolute weight is p, falls through 
a distance s, it loses the work ps, and acquires a velocity 
c = v'2ga, where g is the velocity at the end of the first second. 
This is the first part of Galileo’s discovery; the second is that at 
any given place g is absolutely independent of the size and nature 
of the body (provided that secondary effects, such as the buoyancy 
and resistance of the air, are excluded). Since the kinetic energy 
E = |mc^, we obtain, by substituting the above value of c, E = mgs. 
This is equal to the work ps, so that ps = mgs or p = mg. Erom 
Galileo’*s second law g is the same for all bodies, thus the mass 
is proportional to the weight, and”' the two are in the same 
ratio for all substances. The ratio varies with the locality, 
since the velocity at the end of the first second varies with the 
gravity constant (p. 8). But the ratio of these two is constant, 
and, since from p = mg we have p/g = m, the mass is constant or 
independent of the jHace. It is in this respect exactly like relative 
weight (p. 8), and has arbitrarily been taken as equal to the 
relative weight for all bodies, since the same objects have been 
used as the standard of mass and of relative weight (p. 8). 

This simple relation between two totally different magnitudes 
is an important law of nature. It may be regarded as the cause 
of all bodies falling equally rapidly at any place. Different amounts 
of work, proportional to the weight, are required to raise them 
to the same height. But as the masses are proportional to the 
weight, these different amounts of work give rise to the same 
velocity, as the masses are measured (p. 15) by the work which 
is necessary to produce equal velocity in the objects considered. 

Finally, we may enquire if any reason can be assigned for this 
strict proportionality between mass and weight. Newton proved 
that it really does exist by showing that the bfet of pendulums, 
alike in form but constructed of different material and therefore 
differing in weight, was exactly the same. The heat of a pendulum 
is the expression of the time it takes to fall from its highest to 
Its lowest position , and if the paths are made the same by making 
the pendulums of the same shape, and the beats are then found to be 
the same, it follows directly that all bodies fall with the same 
velocity through equal paths. Bessel (1826) reinvestigated the 
same subject with much more accurate :gieans, and arrived at the same 
result, no differences being observed which exceeded the very small 
experimental error. 

No satisfactory explanation of this important law has yet been 
suggested. All that can be sajd is that weight and mass must be 
united in all objects which remain on our globe. It has been 
mentioned already that a body without- weight would soon betake 
itself into space. The following consideration shows that something 
similar would occur with a body without mass. If work is com- 
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municated to a body by "impact, and is transformed into kinetic 
energy, the resulting velocity is given by E = ^mc^. The velocity 
is therefore greater the smaller the mass, and (for finite values 
of E) would become infinitely large if the mass became zero, i.e. the 
object would escape observation. The objects known to us must 
therefore possess both weight and mass; some further reason, as yet 
unknown, is required before the strict proportionality between them 
can be understood. 

The Oonservation of Energy . — A perpetuum mobile has been 
experimentally proved impossible both in the case of work and 
its mutual transformations, dlud also when kinetic energy is produced 
and is absorbed in the machine. The latter can never be actually 
excluded altogether, since the parts of the machine are always 
made of bodies which have mass, and must, with any finite velocity, 
take up corresponding amounts of kinetic energy. 

The fact that even when the kinetic energy i4 taken into account, 
no work can bo produced from nothing, necessarily leads to the 
following conclusions. If work is transformed into kinetic energy 
and this hack into work, the work finally obtained can never be 
greater than the initial amount, otherwise a perpetuum mobile would 
be possible. It is generally smaller, but becomes more nearly the 
same the more perfect the machine , in the ideal machine both arc 
equal. This is most simply expressed by saying thiit work in its 
transformation 'gives rise to an amount of kinetic energy 
equal to the work used up Since the two magnitudes are 
measured independently of oach other, and in quite different units, 
it IS only a matter of definition : we call such quantities of the 
two kinds of energy equal which are formed by mutual trans- 
formation To follow out this definition, the units have only to 
be so obosen that the same numerals come out m the two cases. 
How this is arranged will be explained soon. 

If this definition and measurement are taken for granted, the law of 
the oonservation of energy can be extended to the case where the work 
is not converted into work but into kinetic energy.” The quantity 
of the latter is equal to the work which has disappeared, and the 
sum of the two remains constant. If A is the quantity of work 
and B the kinetic energy in an isolated purely mechanical system, the 
sum A + B is invariable, however great A or B may be at any moment. 
Our solar system is an example. If the earth is at a definite distance 
from the sun (which absolutely fixes its quantity of work), its kinetic 
energy has always the same value. It follows from this, since the 
earth’s mass remains constant, that i(ip velocity has always the same 
value, although it may be at different places in the path. 

This relation is the law-of the conservation of kinetic energy. It 
is a particular case of a much more general law, the law of the 
oonservation of energy. 
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Other kinds of energy can be transformed into kinetic energy, 
and conversely, in just the same way as work Since experience 
has shown the impossibility of a perpetuum mobile in the case of 
other kinds of energy, ^electrical energy, for instance, or the energy 
of living organisms, tl'e same conclusion must be 'drawn with the 
suitable extension; in any isolated system, the sum total of 
all the energy present is constant, however the various kinds 
of energy may change into each other. By an isolated system is 
meant, as usual, one in which no energy is taken up from without 
or lost from it This law assumes, as explained above, that such 
amounts of the Various kinds of energy are to be considered equal 
which result from their mutual transformation. 

It is one of, the most important laws in the whole of exact 
science. It was first proclaimed by Julius Robert Mayer in 
Heilbronn (1842); it was later independently discovered by Joule 
m Manchester, Colling in Copenhagen, and Helmholtz in Pots- 
dam. Occasions of returning to particular applications of this law, 
which will make it more clearly understood, will frequently arise 

Units. — Since tl!e selection and appropriate manipulation of units 
is of fundamental importance for the whole of the exact sciences. 
It may he well to arrange together those which will be made use of 
later. 

Fu’st oomcf time and space, which enter into all our experiences. 

As to time, it la not a magnitude in the strict sense, for it is not 
additive in any order. On the contrary, time runs in such a manner 
that what has gone never retuims, and an earlier time can never be 
kept and compared with a later time. This difiiculty is overcome by 
defining equal times as those in which equal increments of a 
process, absolutely unaffected by external influences, are 
accomplished. We are now met with the difficulty of being certain 
whether a process is really unaffected, although no influences are 
known, and we have recourse to the same means as were applied in 
the case of thj constancy of weights, different processes, which to 
the best of our knowledge are really unaffected, are compared with 
each other, until we are satisfied whether the definition can be con- 
sistently applied to them all. 

The rotation of the earth on its axis is regarded as a process 
of this kind. It causes the sequenc^ of day and night, and the 
mean value of the change is divided ifito 24 hours, and this into 
60 minutes of 60 seconds each. A moan solar day is thus 86,400 
seconds • the second is the scientific unit of time. The motion 
of the earth round the sun, which depends on other conditions and 
determines the year, is used as a control. The ratio of these two 
times has remained so constant during" the historic ages that no 
deviations have been recognised, although the comparison can he 
made with very greal accuracy. This definition of time has been 
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found adequate to all the time phenomena in the earth and in 
the universe since numerous simple laws of nature have been dis- 
covered, the basis of which is this method of measuring time. 

The immediate space unit is the unit of length, as defined by 
the length, at the temperature of melting ice' of a rod of platinum- 
indium which is preserved in Paris. This is called a metre, ahbrevi- ' 
ated to m. The one-hundredth part of this length, the centi- 
metre, cm., is used as scientific unit. The square and the cube with 
side (Sf 1 centimetre are the derived units of area, and of space ; they 
are the square centimetre, and cubic centimetre — written sq.cm, 
and cb.cm, or ccm. 

As already explained, the unit of mass and what is numerically 
equal, relative weight, is the kilogram of platiuuqj-iridium, likewise 
kept at Pans. Originally it was intended to he exactly the weight 
of 1 cubic decimetre of water at its maximum density (at 4° G.) ; but 
as two weights can be more accurately comparedT than this definition 
can be experimentally realised, the definition has been abandoned, and 
the piece of metal is taken as the standard of mass. By a fortunate 
accident the weight of a cubic decimetre of water Vas fairly accurately 
determined more than a century ago, for it is only 0'024; g, less than 
the platinum kilogram. In consequence, the volume of a kilogram 
of water can he regarded as equal to a cubic decimetre, or 1 ccm. as 
1 g. of water. i 

These three fundamental units thus defined, a number of derived 
units can be given. The unit of velocity is the velocity when 
1 cm. is traversed in 1 second ; this unit is cni./seo. since the velocity 
is proportional to the distance and inversely proportional to the 
time. 

'The unit of energy is defined by means of these. Kinetic 
energy is used fof this purpose, it (p. 16} depends on the units of 
mass' and of velocity (ie. length and time), since it is defined by the 
equation B = Jinc® If c = l, m must = 2, for B to remain =1. 
The unit of energy is thus the kinetic energy possessed by a mass 
of 2 grams moving with a velocity of 1 centimetre per second. It is 
called the Erg, and is a very small unit. The unit of any other 
kind of energy is the amount of it which is obtained from 1 erg of 
kinetic energy. 

For example, the unit of®work is the work which a mass of 2g 
with a velocity of 1 cm./sec?can perform when it loses this velocity. 
On the other hand work is defined as the product of distance and force. 
The unit of length, 1 cm., has already been fixed, the unit of force 
is the force which acting through l^cm. produces 1 erg. Since the 
erg is very small, this unit of force (the dyne) is also very small. 

As an illustration of these definitions, we may calculate the force 
of gravity, i.e. the force which acts as weight on 1 gram. We make 
use of the well-known observation that when an object has fallen 
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during 1 second, the distance traversed is 490 cm. and the velocity 
has become 980 cin./sec. The work is therefore 490g, where g is 
the unknown magnitude, and the kinetic energy is | . 1 . 980^, since 
in the expression |-mc*, m=l and c = 980. From 490 g = A980^, 
we get g = 980. The same value would be obtained from any other 
pair of corresponding figures. The force of gravity is thus 980 
dynes. This is an approximate figure, for it has been explained 
already that gravity changes with the locality. The standard 
value for latitude 45° and sea-level is 980‘63, 
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THE STATES OP AGGREGATION. GASJJS 

Bodies and Sulistanees. — Tlio two laws of J-be conservation of 
weight and mass are true of all objects, and are therefore quite 
general. For this very reason they are of no use for the discrim- 
ination of individual objects. We must therefore look out for 
regularities which have a narrower field, in that they relate only 
to special groups or kinds of bodies, but which thereby bring us 
nearer to the final goal of science, a comprehension of the whole 
diversity of nature. 

The specific properties of bodies, those which cannot he removed 
singly at will from the object with which they are associated, have 
been already described as those with which chemistry is concerned. 
Siiioe a given body can be divided up at will, size and shape are 
not specific properties, although they characterise the partichlar 
body. Shape and size are accordingly left out of account and all 
bodies whose specific properties are the same are considered 
to bo the same. The name substance has been introduced for 
this new idea 

The general fact that very often bodies different in size and 
shape' have the same specific properties has been (observed for a 
very Jong time. So old, that it has found universal expression m 
language which possesses a large number of names for definite sub- 
stances, %.e those with identical specific properties. Sugar is such 
a name. By it we distinguish bodies of widely different shape and 
size, if they have certain specific properties, such as solubility in 
water, sweet taste, transpaTency (or in the case of very small 
•pieces the corresponding white colour), turning brown when heated, 
fermenting under the influence of yeast, etc. etc. 

The importance of this process of scientific classification is clear 
if we reflect that all bodies which occur in the world can he imagined 
so arranged that all those with identical specific properties form 
a single class. These classes are obviously much less numerous 
than the single bodies, and the problem of "descriptive science is 
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extraordinarily curtailed because whatever is to be said about the 
specific properties is the same for all the single bodies of the class. 

Here, too, the natural law holds that' the simplicity and conden- 
sation obtained in this way are very far-reaching. The innumerable 
objects which make up the eartfrs surface, for instance, can be 
arranged in a few thousand classes of substances), and these minerals 
are so well known that it is considered a specially lucky accident 
for one to discover a new mineral. This arises from the fact that 
the different specific properties do not occur in all the possible 
combinations, but only in quite definitp* and isolated combinations. 
There are thus immeasurably fewer actual substances than could 
be imagined. This indeed is the reason why the untutored obser- 
vation of early *races had noticed this circumstance and fixed it in 
their languages. 

Chemistry is tjjus directed to the problem of confirming by 
exact investigation this co-existence of definite properties, and 
bringing them, as far as possible, into scientific, t.e. regular, co- 
ordination To this end all properties must be examined, a task 
which IS inexhaustible, but the gradual accomplishment of which 
is being steadily achieved. We now enter into this work, and will 
consider in turn the most important and best-known properties. 

The States of Aggregation. — The most obvious property, one 
which divided all substances into three great classes, is tWr state 
of aggregation There is, as a rule, no doubt whether a given 

object before us is a solid, a liquid, or a gas. A body which 

retains its shape ivhen handled is called a solid; one whose shape 

adapts itself to its surroundings (ve.s3el), but retains its volume and 

appears to be bounded above by an even surface, is a liquid ; and 
a body which possesses mass and weight, but no individual form 
or volume, but in both respects is dependent upon its surroundings, 
is called a gas. 

There are bodies about which we may be in doubt as to which 
category they iielong , their number is not large, however, and they 
in no way affect the appropriateness of this classification 

The question arises, how far this popular differentiation is'of 
real scientific significance. Differences in colour for example are 
quite as striking to the eye as the differences of state An attempt 
to construct classes of white, yelloiv, sed, etc., substances will prove 
this classification to he ineffective and ■vJorthless. The reason is that 
a large number of other properties are associated with the state 
of aggregation, and practically no such connexion has ever been 
found in the case of colour.* There is an empirical difference in 
value. We shall now proceed directly to a description of the three 
states of aggregation and their associated properties. 

One other circumstance must be dealt with first. There are 
certain cu’ciimstances which are always present in the study of 
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substances, and cannot be disregarded. They are not specific pro- 
perties, as they can be changed at will; but they ai’e values defining 
certain kinds of energy, which exist everywhere, and from which 
bodies cannot be removed. They are first and foremost, pressure 
and’ temperature. We live in a gaseous substance, the atmos- 
pheric air, in whichf there is a certain, somewhat variable pressure, 
called the atmospheric pressure Temperature, too, is a property 
of heat, possessed by all bodies. It varies according to climate 
and season within moderately wide limits, which are, however, 
narrow in comparison with, the lange of artificial temperatures. 
The same is true with regard to changes of pressure. No body can 
be investigated independently of these two factors. 

They have no effect on weight and mass, and we^m not mentioned 
in connexion with them. But, as practically all the specific proper- 
ties of substances change with piessure an(^ temperature, it is 
necessary to set forth in detail their behaviour. Their effect on 
bodies differs according to their state of aggregation. Wliile the 
condition of gases is extensively changed by pressure and tempera- 
ture, they have much less effect upon liquids, and less still on 
solids. They also bring about changes from one state to another ; 
increase of temperature turns solids into liquids and liquids into 
gases ; increase of pressui'e may liquefy gases. These are the 
simplest chemical transformations, and from this point of view, 
pressure and temperature have a special interest for us. 

As both these notions have been scientifically developed in 
connexion with their effect on the states of aggregation, the his- 
torical sequence will be retained in what follows. This is, as a 
rule, expedient, for the natural development of science has always 
proceeded from tjfie easier to the more difficult, a process equally 
well .adapted for individual development. It is a recognised 
biological law that each individual organism follows in its 
physiological development the same way, in the main, that its 
species has proceeded along in its evolution from the simplest 
forms. 

■ The Gas La'w. — Matter in the gaseous state is distinguished by 
its capability of completely filling any given space as well as by its 
want of any definite form. Ig this state matter occupies more space 
than in any other, and obeys sampler laws. 

A given mass of gas occupies a definite volume v only when it 
is at a definite temperature t and under a definite pressure p. In 
general we may put v = f(p, t), where f(p, t) signifies a function of p 
and t whose fom is to he determined.*" 

The influence of pressure is such that when the pressure in- 
creases the volume diraiinishes in the inverse ratio. This 
law was discovered by Eobert Boyle (1662). and goes at present 
mostly under his name. On the Continent it was usually called 
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until recently Mariotte’s law, but this physicist published it only 
in 1679. The algebraic expression of the law is 
w'=p':p, 

or v]! = V p', 

where v and p, v' and p' are two pairs of corresponding volumes 
and pressures which one and the same gas occupies at the same 
temperature. That is, at a given temperature the product of the 
pressure and volume of a quantity of gas remains constant. 

The product has twice the value for twice the quantity of gas, 
and can be used as a measure of the quantity of a gas, inde- 
pendent of the volume or pressure, but not of the temperature. 

This law holds for all gases, no matter what their chemical 
nature, from which we may conclude that the cause of the law 
is to be found in something which is likewise independent of the 
chemical nature of the gas, and is a property of their particular 
state of aggregation. 

A similar independence is found in the influence of temperature 
on the volume of gases. The law which obtains here was discovered 
simultaneously (1802) by Gay-Lussac and Dalton, and is usually 
named after the former.’- According to this law all gases expand 
in the same proportion for the same increase of temperature. 

If we put ^the volume of a gas at the temperature of melting ice 
and under a definite pressure equal to unity, it will be 1'367 when the 
temperatm’e rises to that of boiling water. This range of temperature 
is usually divided into 100 parts, which are so determined that for 
every part the same increase of volume (namely ‘0Q3&7) occurs, and 
these grades of temperature are called centigrade degrees. They are 
reckoned from the meltmg-poiut of ice, upwards with the positive and 
downwards with the negative sign. The increase of volume per degree 
is according to definition the same for all gases, and amounts to 
•00367 or of the volume at 0°, it is called the coefficient of 
expansion. • 

The algebraic expression for this relation is found in the following 
formula ; — 

V=Vo(l-hat), r 

where v is the volume at the temper^ure t°, v^ that at 0° , a is the 
coefficient of expansion. * 

If we warm the gas without allowing it to expand, the pressure 
increases. This increase may he easily calculated from Boyle’s law. 
Suppose the gas by heating to jjave expanded from Vq to v, and after- 
wards to he compressed again to V(, at the temperature t, then 
according to Boyle’s law the pressure PoUt 0° must he to the pressure 
p at t° inversely as the corresponding volumes, i.e. 

1 In England it is also frequently called Charles’s Laiv,— (Tr.) 
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Po-'P = ^o:t, 

or pVo = PoV. 

If this equation is combined with the former, we have 
P = Po(l+<‘fc) 

Thus at constant volume the pressure increases with the temperature 
in the same ratio as the volume does under cdnstant pressure. The 
relative increase of pressure per degree, or the coefficient of 
pressure is consequently equal to the coefficient of expansion. 

Lastly, if we allow botti, pressure and volume to change, their 
product, which at constant temperature is constant, vanes with 
varying temperature in the same way as each of the factors would 
do separately if the other were constant. For thjs general case we 
have, therefore, 

PV = PoVo(l+'it). ^ 

Graphic Representation. — Those relations are made clearer hy a 
method which we shall frequently have to employ, and may therefore 
he explained in detail here. The principle consists in representing 
the numerical values of any magnitude by means of straight lines of 
proportionate length. If the magnitudes are mutually dependent, 
or are functions of one another, this dependence is represented in 
the following manner. 



A value of the one magnitude is measured off on a horizontal 
straight line, starting from a fixed point 0 (Fig. i), and a point 
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is thus obtained, say 20. At this point a perpendicular is erected 
20d, the length of which is a measure of the corresponding value 
of the other magnitude. In our case 020 might represent the 
volume of a given quantity of gas, and 20d the pressure. This 
condition of the gas is represented by d, and every other point in 
the plane of the diagram' denotes some other ooijdition, the pressure 
and volume for which can be read off in a similar way. The pressure 
corresponding to c is given by the length 10c and the volume 
by OlO 

If now a quantity of gas which at 0*’ and a pressure of 20 cm. 
mercury has a volume of 6 com., the constant of Boyle’s law is 100, 
and pv=100. For a number of other arbitrarily chosen volumes 
the pressures are |is follows . — 

Volume 2 5 10 20 50 com. 

Pressure ■ • 50 20 1 0 5 2 cm. 

If these pairs of values are inserted in the diagram as already 
explained, the points a, b, c, d, o, are obtained. Obviously the 
same points would he obtained if the pressures were first plotted 
along OP and then the corresponding volumes measured towards 
the right. 

If any number of pairs of values are added the points will lie 
between those ^given, and all possible pairs will form a series of points, 
which lie on a continuous curved line passing through a, b, c, d, e. 
The particular form of the curve obtained by applying Boyle’s law 
is a rectangular hyperbola. It is thus a representation of Boyle’s 
law as much as the equation pv = constant, and has the' added 
advantage of clearness. 

The line a, b, c, d, e, which represents the behavmur of the gas at 
constant temperature is an isothermal. The isothermals of gases, 
or the constant temperature curves, are rectangular hyperbolffi. 

Such a system is called a co-ordinate system. The lines OP and 
OV, intersecting at the origin or zero point O, are the axes, and 
the lengths cut off the co-ordinates, horizontal co-ordinates being 
called the abscissae, and perpendicular ones ordinates. Every 
point has one ordinate and one abscissa, representing its distance 
from the corresponding axis, and is absolutely defined by values of 
these. • 

If negative values have to be plotteTl along with positive values, 
the axes are produced beyond 0, positive values being reckoned to 
the right and above, negative values to the left and below. It is 
easily seen that this procedure*conforms to the rules for calculation 
with negative values. 

The products pv represent in the diagram the areas of the 
rectangles, hounded by the two axes and the co-ordinates, one 
coTner of each of wliicb lies in the curve. The latter has the 
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property that all these rectangles, such as O2a50', OSb20', OlOclO', 
O20d6', O50e2' have the same area. 

The isothermal for another temperature, e.g. 200°, is obtained by 
increasing all the volumes for the pressures plotted in the ratio 
1 . (1 +at) in accordance with Gay-Lussac's law; in this case the 
ratio IS 1 : 1'734. ,The preceding table now becomes . — 

Pressure 2 6 10 ' 20 50 cm. 

Yojume 86-70 34-68 17-34 8 670 3-468 ccm. 

The curve is put in tthe same diagram ; it is, of .course, a 
rectangular hyperbola, since it satisfies a similar equation, pv = 
173 4; and consequently the rectangles enclosed by the axes 
and co-ordinates are equal in area 

From this it follows that any rectangle of thS first curve is to 
any rectangle of the second cui-ve in the ratio of 1 -(1 + at), which 
gives at once the usual form of the gas equatioiJ pv = p^Vj, (1 •+ at). 

The Normal Condition. — This equation permits of the calculation 
of the volume which a gas would occupy at normal temper- 
ature and pressure when we know its volume at any given 
temperature t and pressure p. The standard values have been 
conventionally fixed so that the normal temperature is that of 
melting ice, or zero centigrade, and the normal pressure that of a 
column of mercury 76 cm. high, equal to a weight ^of 1033 g, por 
sq. om.'^ For this purpose the equation is written in the form 


V PI__ 

“ Po(l+«t)’ 

which IS frequently employed in' practice. 

Absolute Temperatures. — We can give the gas equation pv = 

' Po''^o(l + “*) ^ simpler form by making 
use of the following consideration. 

If the volumes of a gas at constant 
pressure and different temperatures are 
represented by lines oif, 100b (Fig. 5), 
drawn to the right, perpendicular to a 
vortical straight lino corresponding to 
a thermometer scale, we obtain a straight 
J.me ab, which gives the volume for any 
^ t)ther temperature. If this line is pro- 
duced downwards, it will finally intersect 
the thermometer scale, i.e. there is a 
temperature at which the volume of a 
gas wo'uld become zero, provided that 
the law of expansion is stjll valid. Even if it is not, temperatures 
’ Merom-y is 13-606 times heavier than water , a ooluinn 1 sq. cm iu section and 
76 cm. high contains 76 com , and (as 1 ooni. water weighs 1 g ) weighs, therefore, 
76 X 13-596=1033 g. For calcolatiou into absolute units see p. 21. 
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can be counted from this point of intersection, and will have the 
advantage that the volumes of the gas are directly propor- 
tional to these new temperatures. The gas law will thus 
assume a simpler form 

A further important advantage is that temperature reckoned 
in this way is practically identical with a theoretical temperature 
scale based on general considerations of the properties of heat. This 
theoretical scale is independent of the nature of the thermometric 
substance, which is not, the case with any other scale, the gas 
thermometer scale not excepted. The* theoretical scale is, as a 
matter of fact, almost the same as that defined above 

This point of intersection is found as follows. The volume of a 
gas decreases 00367 or 1/273 of its volume at 0“ for every degree 
below 0° ; at 27'^ below 0° (on the assumption that the law holds) 
the volume becomes zero. The zero of the new scale is therefore 
- 273° 0., and ever^ temperature has a numerical value greater by 
273 than it has on the centigrade scale 

These temperatures are called absolute temperatures, arid are 
denoted by T, in contrast with centigrade temperatures which are 
denoted by t. In numerical data, centigrade degrees have 0 added, 
absolute degrees have A placed after the figures. 

The calculation is given by the following equations ; — 

pv = PoVo{t + at) = P,v„(l + 1/273) = PoV„(273 + 1)/273 = T, 

since T = 373 + 1. If finally the constant pgVo/273 is made equal 
to r, we obtain the simple and general expression 

pv = rT. 

The constant r is by its definition (r = PoV„/273) proportional to 
the quantity of gas. We shall find later that it is expedient to 
consider such qjiantities of different gases that r always has the same 
value. The new absolute constant arrived at by this means is 
denoted by E. 

Volume Energy. — Tbe product pv denotes an energy, for under 
given conditions, t.g. atmospheric pressure, the formation of a given 
quantity of gas can only occur if tfih pressure p is displaced or 
overcome through the space v, and this' work is proportional to p, 
and to the space v occupied by the gas. To distinguish this form of 
energy from others, it is called Volume Energy. It belongs to the 
mechanical energies and is almrfist the only kind of mechanical 
energy which will enter into our future considerations. 

It is not work in the ordinary sense, "for that is the product of a 
force and a length, while here we have the product of a pressure 
and a volume. Nevertheless volume energy can easily be transformed 
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into work, and conversely. In Fig. 6, A is a cylinder in wliicli slides 
a fnctionleas piston It, actuated by a force, e.g. a weight G- placed 
on it, the whole being placed in a vacuum. If now a gas is formed 
in the cylinder, and occupies the volume v, the 
piston must rise through the distance h, and 
takes up the work Gh, which has been performed 
by the gas in assuming the volume v at the 
H pressure p, therefore Gh = pv. In equilibrium 
the two virtual works must be equal. Let the 
pistoE be raised by the small amount Ah, the 
work i£ GAh, while the virtual change of volume 
energy is pAv. If q is the cross-section of the 
cylinder, AY = qAh, and from GAh = pAv = pqAh, 
we get G- = pq as the condition'^of equilibrium for 
this machine. 

The form of the gas laif pv = rT indicates an 
important peculiarity of the volume energy of 
gases. At a given temperature T, the pressure 
under which a gas is formed has no effect on the volume energy 
used up in the process. For as the pressure becomes smaller, the 
volume increases, and the product of the two, which is the measure 
of the volume energy, remains constant. The gas laws can be stated 
as follows, and in this form certain peculiarities luitho behaviour 
i of gases is more readily intelligible ; the volume energy required 
' for the formation of a given quantity of gas is independent of the 
pressure and is proportional to the absolute temperature. 

The circumstance that the left side of the equation pv = rT 
denotes an energy, proves that rT must also denote a form of energy. 
As a matter of fact this magnitude is a particular form of energy, 
viz. heat. This will be returned to later. 

As pv is an_ energy magnitude, it has, according to p. 20, an 
absolute value in ergs, and, in consequence, the absolute unit of 
pressure is that which acting through a volume ok 1 cubic centi- 
metre performs 1 erg of work. 

This unit is related to the ordinary measurements of pressure as 
follows. One atmosphere of pressure is exerted by a column of 
mercury 76 cm. in height. As explained above, the work required 
to overcome this jiressure an increase of 1 ccm. in volume is 
equal to the work of raising a mercury column of 1 cm.^ cross-section 
and 7 6 cm. height, through 1 cm. The action of gravity on a gram 
IS 980 (more exactly 980-63) absolute units (p. 21), and as 1 com. of 
mercury weighs 13-5963 g , an atmosphere is 76 x 980-63 x 13-593 = 
1013130, i.6. a little over a million absolute units. 

The change in the force of gravity with place has been taken 
into account, the value used being the normal value for latitude 15° 
and sea-level, viz. 980-53 units. 
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If the atmospheric pressure is to he expressed in weight units per 
square centimetre, this pressure is equal to the weight of a column 
of mercury of 1 sq. cm. cross-section and 76 cm. height, which 
amounts to 1033 g. This is so near to 1000 g. or a kilogram, that 
for technical purposes atmospheric pressure is often defined as a 
pressure of one kilogram per square centimetre; but for 'scientific 
use the above absolute definition is much to he preferred. If 76 cm. 
of mercury is taken as standard instead of 76 cm., the absolute 
pressure is rounded off to a million units under average conditions. 

Pressure and Temperature. — ^Pressure* and temperature are not 
magnitudes, since they are not truly additive. If two bodies of the 
same temperature are placed together, the resulting system has still 
the same temperature and not double that temperature ; and the idea 
of a “ doubled ” temperature is not realisable. This is also expressed 
in common speech, for we speak of a higher or lower temperature, in 
figurative aUusion t^ the spatial relations, hut not of a larger or 
smaller temperature. It is nevertheless an ordered thing, for any 
temperature can be so arranged with others, that there is the same 
advance in the same direction from the first to the second, as from 
this to the third. All temperatures form a series, ivhich is uni- 
dimensional, since there are no other differences between temperatures 
other than height. 

Two temperatures ivhich are equal to a third temperature are 
also equal to each other. A similar law holds for all magnitudes , 
it must be proved whether it also applies to values of the nature of 
temperatures, which we may call strengths or intensities. The 
proof IS experimental of course ; hut we must first describe how 
temperatures are determined. 

The thermometer, usually a vessel containing mercury, is used 
for this purpose. The vessel ends in a narrow tube, and the level of 
the mercury in this tube varies with the temperature. The reason 
is that heat enters the mercury and altera its condition ; it rises, ie. 
its volume is greater when heat enters it, and it falls when heat 
leaves it. If it does not move when placed m contact with another 
body, heat neither leaves nor enters it. This is the definition of 
equal temperatures, for when the mercury of the thermometer 
remains at rest, it is said to he at the same temperature as its sur- 
roundings. ^ 

In a similar way it can he shown that, if the thermometer assumes 
the same level in contact with two different bodies, there will he no 
heat interchange when the two bodies are brought into direct contact ; 
they are thermally unaffected. This is the experimental proof of the 
law, which, “self-evident” as it may seem, has very important con- 
sequences. It is, in fact, the foundation of the second law of the 
theory of heat. 

The thermometer’ is thus a means of fixing temperatures so 
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that they can be found again. Breakage of the thermometer would 
put an end to this, but, just as with the kilogram and the metre, 
a number of thermometers can be constructed as a precaution, 
and the identical temperatures marked on them. But there is a 
still' better method. There are certain processes which take place 
at a quite definite temperature under easily reproduced conditions, 
so that these temperatures can be reproduced as often as necessary. 
The melting of pure ice is such a process, and by common consent 
the temperature of melting ice is chosen for one fixed point. 

This, however, is not ronough to establish a temperature scale. 
Consequently the boiling-'point of pure water has been added as 
a second fixed point. It is appreciably affected by the variation of 
atmospheric pressure; but this influence is accurately known, and 
can he allowed for by taking the boiling point 'lift normal pressure 
(p. 28) as the second fixed point. 

In this way any number of fixed points could? be established, were 
it not for technical difficulties. The question arises as to the sub- 
division of the temperature region between these two points. Indeed 
the distance covered by the mercury of the thermometer between 
these two temperatures may itself be regarded as such a division, 
but if the thermometer contains some other liquid instead of mercury, 
another division would be obtained, for the thermal expansions of 
liquids are by no means equal, and are not even propprtional' to one 
another. 

Gases are not open to this objection ; their expansion is in- 
dependent of the nature of the gas, and is the same for all gases 
(p 26). By a happy coincidence the expansion of mercury and 
of glass within moderate limits of temperature is so nearly pro- 
portional to that of gases that a mercury thermometer with a 
uniformly divided scale agrees pretty closely with the gas thermo- 
meter; the greatest difference between the two fixed points is 
only one pr two tenths of a degree, according to the kind of glass. 

It has been explained already (p. 28) how the absolute value 
of the expansion leads to a definition of a mirCmum point of 
temperature, the so-called absolute zero. No one has up to now 
succeeded in reaching this point, although recently it has been 
approached to within about 4". It does not seem likely that it Will 
be reached, as every degree m this vicinity adds enormously to the 
difficulty. ^ ^ 

This process leads to a temperature series or scale, which may 
be taken to possess a definite general significance; but it must 
not be supposed that temperatures are divided by this scale into 
“ equally large ” portions, for the idea of magnitude is not applicable 
at all. As will be seen later, it is possible to make a temperature 
scale which is quite independent of the nature of the substance. It 
is based on the transformation of heat into work, and contains an 
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arbitrary definition, which, however, is 'of very great generality. 
This “ thcrmodynaimc ” scale is essentially the same as the gas scale. 

Pressure is similar in nature to temperature, i.e. it is an intensity 
and not a magnitude. This is easily recognised if we recollect that 
two bodies at the same pressure remain at that pressure when put 
together. In this ease speech is not quite so exact as in regard 
to temperature, for it is customary to speak of great and small 
pressures as well as of higher and lower pressures. This is because 
a zero point of pressure is easily fixed, and an evenly divided, scale 
obtained under easily understood conditions. 

The ’accessibility of the zero of prasaura is connected with the 
fact that there are both positive and negative pressures, viz. those 
which tend to enlarge the volume as well as those which diminish 
it. Negative pressures occur, for example, in extended solids and 
in extended liquids (which are difficult to prepare). A rational scale, 
which, like the ralf'onal temperature scale, is based on the trans- 
formation into work, is obtained by the aid of the hydrostatic 
pressure of liquids, which depends on the application of gravity. 
The pressure is made proportional to the height of liquid, because 
the formation of a corresponding column of liquid requires an 
amount of work which is also proportional to the height. 

In conclusion, it is readily seen that two pressures, which are 
equal to a third pressure, are also equal to each other. If they 
were not, it \A>uld be easy to make a perpetuum mobile by alternat- 
ing the combinations of pressures. This mode of discussion will 
be frequently employed in other cases, and may be more fully 
explained at once. 

Perpetuum Mobile of the Second Kind. — Consider a system, 
consisting of an infinitely large pressure reservoir B, and two smaller 
pressure machines (cylinders and fiistons, cp. p. §0) A and 0, the 
whole being in equilibrium as regards pressure. The cylinders (iire in 
equilibrium with B, being placed in contact with it. If A and C, 
which were not in direct union, were not in equilibrium under 
these condition's whan they were joined together, work could be 
communicated to the one by the other. A is then brought into 
contact with 0 until then- pressures are equalised, and work 'is 
set- free. But now neither A nor 0 is in equilibrium with B ; if 
A has given up work, its pressure mqst have become smaller than 
that of B, and the pressure of C must 'have become greater. "When 
they are again connected with E, each o* them will afford work, and 
in so doing they will return tp their original condition. The series 
of processes can be repeated as often as desired. 

If, therefore, the law was nbt true that two pressures which are 
equal to a third pressure are also equal to each other, a perpetuum 
mobile would be possible But this £as proved experimentally 
unattainable; the law, must therefore be correct. 
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A perpetuum mobile of this kind would not necessarily imply 
the gain of work from nothing (for the work in the above arrange- 
ment could be regarded as derived from the heat store of B), but 
it would imply that a system in equilibrium could spontane- 
ously set itself {i.e. without external influences) in motion 
or action. This, too, is a general experience, that what is in 
equilibrium will remain so. A perpetuum mobile which is not in 
contradiction to the law of conservation of energy, but does 
infringe this experimental law, is known as a perpetuum mobile 
of the second kind. Thg impossibility of this is just as important 
as the impossibility of a poupetuum mobile of the first kind, so far 
as definite laws are concerned ; while the latter is the foundation 
of the first law of energetics, the former is the foundation of the 
second law — applications of which we shall frequently come across. 

The Gras Law as a Limiting Case, — The gas law pv = rT differs 
in nature from the laws of conservation previously mentioned. 
There are no known exceptions to the latter, while no gas is known 
which exactly obeys the gas law. The cause is to be found in the 
difference between the magnitudes concerned There is no known 
means of affecting m the slightest degree the weight or mass of the 
substances concerned, but the space occupied by a gas depends on 
other circumstances beside pressure and temperature. In particular, 
the nature of the gas has an effect, which under ordinary conditions 
13 small, but becomes more apparent tbo smaller the vdlume in which 
the gas is confined. 

The formula pv = rT is thus only a limiting law, i.e a formula 
which m the main expresses the actual behaviour, but always with a 
small residual difference. This residue is smaller the smaller the 
pressure and the higher the temperature; hut the bohaviom’ 
of a real gas uever realises the formula. An imaginary gas, 
which would obey this formula (and some others which will be 
mentioned later) exactly, is called an ideal gas. The behaviour of 
a real gas approaches an ideal gas more closely at high temperatures 
and low pressures. • 
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THE SPEOIEIC HEAT OF GASES AND THE FIRST 
LAW OF ENERGETICS, 

Th.e Oonaervation fff Heat. — The first quantitative investigations 
of thermal phenomena led to the establishment of a law of conserv- 
ation in the form that heat may change in place but not in amount 
when bodies of different temperature are brought together. If the 
heat contained in a body is taken as proportional to its weight and 
its temperature, the temperatures calculated on the basis of this law 
agree perfectly with the temperatures experimentally found when 
various amoui^ts of a substance at different tcmperatui'es are mixed 
together If m^ is the weight of one portion, and tj its temperature, 
and if mj, tg are the corresponding values for the other portion, the 
mean temperature t after mixtui-e is found by putting the gain of 
the one mj(t-tj) equal to the loss of the other m2(t„-t). This 
requirement, that the total quantity of heat remains constant, gives 
the equation mi(t - tj) = mg^tg - 1), hence t = (m^t^ + m2t2)/(mj^ + mg). 

Specific Heat. — This equation is no longer vaM when bodies of 
different nature are mixed if the amounts of each are simply taken 
as their weights. Agreement is restored, however, if every substance 
is measured in a special unit of weight j these different amounts of 
different substaiTces behave, so far as heat exchange is concerned, lilie 
equal amounts of the same substance. The weights of substances 
must be multiplied by a specific factor to make them thermally 
equivalent. If these factors are c^ and Cg the equation becomes 
miC^(t - 1]^) = mgCg(tg - 1). One c can he arbitrarily fixed and the 
actual relations will be represented by suitable determination of the 
other value 

These factors are the specific heats of substances. The specific 
heat of water is fixed as unity, and the equation becomes 
miCj(t - tj) = mg(tg - 1) or c = - 1^), the substance with 

the sign g affixed being -water. This equation is used in the 
determination of specific heats. 

It should be observed that the zero of the temperature scale has 
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no effect, since only differences of teniperatui-e appear in the 
formula, and they are independent of the zero. 

These considerations assume that an absolute temperature scale 
IS known (i e. one independent of the nature of any definite sub- 
stance), and that specific heats do not change with temperature. 
As for the first point, the scale of the gas thermometer (p. 32) 
agrees so closely with the absolute scale, that the one may be 
provisionally substituted for the other. Specific heats do generally 
vary '%ith the temperature, but usually not to so large an extent 
as to materially modify the^scheme given above. 

The adoption of the specific heat of water as unity defines at 
the same time the unit of heat; it is the quantity of heat which 
is required to raise the temperature of one gram of water one 
degree. It is called the calorie and is denoted bjl c. or cal. This 
gives us another definition of specific heat; it is the amount of 
heat in calories which will raise the temperatiJre of one gram of 
the substance one degree. Or more generally; the specific heat 
IS the ratio between the amount of heat and the rise of 
temperature, referred to the unit of weight. Calling the 
first dW, the latter dt, and the weight of the body ^ m, its specific 
heat is o = dW/mdt, 

In our subsequent considerations the amount of heat will not 
be referred to the gram hut to quantity of the substance defined 
in a different way. The name heat capacity will ho apiilied 
to the product of this new specific heat and weight. The definition 
of this magnitude is simply the ratio of the amount of heat supplied 
to the change of temperature, k = dW/dtj it always gives an 
iudication of the quantity of substance meant as above, 

Specifl.c Heat of Gases. — ^These conceptions and explanations 
have been found generally applicable in the case of solids and 
liquids, but when they are extended to gases the law of the 
conservation of heat is no longer tenable in this simple form. This 
is very similar to what we found for the law of the conservation 
of work. There deviations occurred because part o'! the work was 
transformed into heat (because of friction) and therefore eludes 
measurement, and here a measurable fraction of the heat is 
converted into work and is lost to measurement. 

The apparent contradiction which is met in attempting to 

apply the conception of specific heat, c = to gases is as follows. 

The overcoming of this difficulty led the way to the general law 
of the conservation of eneigy (p. 18), 

The specific heat of air is found to be equal to 0'2375 when 
the experiment is so • corfducted that air is warmed to a definite 
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temperature higher than that of the liquid in a calorimeter, to 
which it is then made to give up the excess of heat, being all the 
time under the same pressure. 

If, on the other hand, air is enclosed in a rigid vessel,, only 
0‘1683 cal ai’e required to heat 1 g. one degree; its specific heat 
is much smaller than before. 

By allowing the volume of the air to change, we can cause any 
desired temperature change to take place without supplying any 
heat, since cooling takes place on expansion, and heating iif com- 
pression- The specific heat can thus be varied from - oc to + oc. 

On the other hand, Gray-Lussac (1807) made this experiment. 
Air was compressed in a hollow sphere, while another similar 
sphere was exhausted by the air-pump. When the two spheres 
were placed in tke water of a calorimeter, and then connected with 
each other so th|t the compressed air could expand into the 
vacuum, no change in the temperature of the calorimeter took 
place. The change of volume alone, therefore, does not cause 
the change of temperature. 

J. R. Mayer in 1842 reconciled these two apparently contra- 
dictory facts. To the questions : Whence comes the heat generated 
on the compression of a gas, and what becomes of the heat which 
vanishes when a gas expands ? he gave the answer ; The work 
that is done /luring the compression is changed into heat, and the 
work that the gas does in moving back the external air pressing 
upon it cannot spring into existence from nothing, but comes from 
the heat which the gas loses. If there is no external pressure to 
overcome, as in Gay-Lussac’s experiment, there is no wmrk to be 
done and consequently no heat is used up. 

The possibility of calculating the ratio of heat to work (each 
measured in its appropriate manner) in their mutual transformation 
arises from these facts. It was accomplished as follows by 'J. E. 
Mayer (1842), who was the first to estimate this important number. 

The specific heat of air at constant pressure, i.e. when at 
liberty to exp’and on being heated, is 0'2375. In other words, 
1 g. of air is warmed 1” by 0 2375 cal., the air expanding and 
performing external work which can be calculated as follows. The 
volume of 1 g. of air at 0° is 773 '3 ccm. at atmospheric pressure. 
At 1° the volume is greater, i eT 2‘830 ccm. greater, and the 
product of this and the pressure is the iwrk performed. In absolute 
units atmospheric pressure is 1013130; the work is accordingly 
2-830 X 1013130 = 2-866 x lO® erg. 

The specific heat at constaijt volume, i.e. without doing external 
work, has been found to be 0-1683. Addition of 0-1683 cal. warms 
1 g. of air 1°. The difference of these values is equivalent 
to the work as calculated above, as neither external heat nor 
work has been evolved or used up. There is, however, this 
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difference : in the first expenmont, apart from the performance of 
external work, the volume has increased, while in the second it 
remained constant. 

This makes no difference; for, according to G-ay-Lnssac’s 
experiment (p. 37), mere expansion without doing work does not 
alter the temperature. If the heating under constant pressure is 
imagined to be followed by an increase of volume of 2-830 com. 
without any external work being done, 0-1683 cal. is sufficient for 
this change ; from which it is seen that the difference must be set 
down as equal to the work performed 

This difference, 0-2376-0-1683 = 0-0692 cal., is equivalent to 
2-866 x 10® erg. This makes 1 cal = 4-144 x 10^ erg, this is the 
mechanical equivalent of heat. 

Mayer expressly stated that there are many Knds of “force,” 
i.e. energy, for which the same relation holds aa this m the case of 
gases, where the work done in changing the vohime is proportional 
to the heat generated. But he made no further experiments on the 
subject, for these we are indebted to Joule (1843), whose work was 
continued through many years, and who first established the con- 
nexion between heat and the work of falling weights. The work is 
given by the product of the weight and the height, if the work, 
instead of being converted into kinetic energy, is transformed into 
heat by friction, so that the falling object has zero velocity at the 
end. Now J oule used the work of such weights to rub two iron 
plates, immersed in water, against each other. As these experience 
no permanent change, the work expended is transformed into heat, 
the quantity of which may be calculated from the mass and rise of 
temperatm-e of the water. If we now put this quantity of heat 
equal to the work expended, we obtain, as J oule found, a perfectly 
constant ratio hekween them, which depends neither on the mode of 
changing the work into heat nor on any other condition of the 
experiments. The mean value of the ratio from frequently repeated 
determinations is 

1 calorie = 42660 g.cm., 

i.e. when the product of weight and height amounts to 42660, then 
1 g. of water is warmed TO. by this amount of work. As 
gravity is 980-53 dynes, this number becomes, in absolute units, 
4-183 X erg. It is more accurate than the value given above, 
because the measurements are capable of greater accuracy ; the 
agreement is as close as could be looked for, considering the accuracy 
of the data used. 

Absolute Units. — In absolute units one calorie is 4-183 x 10’’ erg 

As the specific heat of water vanes a little with temperature, 
the increase of temperature of a given quantity of water by the same 
amount of work will vary with the temperature. Rowland (1879) 
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has experimentally proved this hy direct exjperiments, and the above 
value refers to the mean temperature of 18°. 

y It IS obvious that the unit of heat used above, the calorie, is 
arbitrary and unsystematic from the point of view of energetics. 
For as forms of mechanical energy and their factors are all so defined 
that they all have the same unit, the erg, the recognition of heat as 
a form of energy necessitates the selection of the same unit for it 
too. But this has not yet been adopted in scientific literature ; to 
facilitate its introduction, all heat data in this book will be -given 
in ergs. . 

It must be admitted that this unifTs much too small for most 
measurements and calculations. The megerg would bo convenient ; 
a practical unit of 10’^ erg has come into use in electricity under the 
name Joule, abhreviated to j, and this unit has been adopted for 
practical use in th^s book. A. calorie has thus the value of 4T83 
joule, and we have the equations : 

1 cal =4-1 83 i, and lj = 0-2391 cal. 

In addition to this, a unit one thousand times its value will also 
be employed, the kilojoule, denoted by kj Thus 

1 cal = 0'004183 kj, and Ikj = 239T cal= lO^® erg. 

Isothermal Work of a Gas. — It is of importance for many purposes 
to know what work a gas can do when it exjiands at a constant 
temperature. In general (p. 30) this work will be expressed by 
the product of the pressure and the change of volume, pdv (where 
dv is the change of volume) ; the calculation presents some difficulties 
when the pressure is not constant. It is convenient for this purpose 
to represent the relation between the pressure and volume of gases 
graphically, by tabulating the 
pressures on a perpendicular 
straight line and the volumes on 
a horizontal one (p 26). The 
curve bb obtained has the pro- P 
perty that the product of the co- 
ordinates of any point is constant 
— corresponding to the gas 
equation pv = rT. Analytical 
geometry teaches us that the 
form of this cmwe is that of the 
rectangular hyperbola. 

The work that is done when 
the volume changes by dv, %.&. t£o 
product p . dv, appears in Fig. 7 as a narrow quadrilateral surface 
aa'jQ'jS The total work performed on expansion between two states 
of the gas and y is therefore the sum of all the narrow quadri- 
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laterals pdv, and thus equal to the quadrilateral a/3yS. The cal- 
culation results, therefore, in the so-called quadrature of the 
hyperbola. 

This problem cannot be solved by elementary mathematics ; we 
must therefore be content with the general result If a given 
quantity of gas represented by the gas constant r (p. 29) expands 
at the temperature T from the volume v^ to the volume v^, always 
exercising meanwhile the pressure given by the equation pv = rT, 
then the corresponding work has the value (since Vj/Vj = Pi/p2) 

A='rTlg^“-rTlg?-h 

Here Ig stands for the natural logarithm, i.e. a logarithm to the 
bas6 e = 2'71828. The natural may be obtained ^'om the ordinary 
or decimal logarithms by multiplying the latter ky 2'30269, 

Specific Heats at Constant Volume and at Constant Pressure. — 
Eeturning now to the question of the specific heats of gases, we see 
that we can only speak of such when we accurately determine what 
external work is done, if any. The simplest case would evidently 
be that where external work was altogether avoided ; for example, 
where the gas was enclosed in an unyielding vessel and the specific 
heat determined under these circumstances. Unfortunately this 
theoretically most simple case has hitherto been experimentally quite 
impracticable, for the vessel in which the gas must be enclosed, and 
which necessarily takes part in the heating and cooling, has to be 
made so massive in order to resist tbe pressure called forth by the 
change of temperature, that it is responsible for by far the greater 
part of the heat-exchange, so that tbe part left for the gas is a very 
small fraction of the whole. Still, Joly (1890) succeeded in sur- 
mounting this diflSculty by means of an ingenious differential method, 
and obtained results in close agreement with those obtained by the 
indirect method to be described below. 

Such determinations are therefore conducted so that the changes 
of temperature take place under constant external pressure, In this 
way we obtain the specific heat at constant pressure, which we shall 
call Op. Extensive experiments for the determination of this number 
have been made by Eegnault, whose results will he given later E. 
Wiedemann repeated some'of them with simpler apparatus, and 
investigated the changes which the specific heat of many gases, 
especially those containing carbon, undergo with change of 
temperature. 

To ascertain from these number^ the specific heat at constant 
volume Cy, the thermal equivalent of the external work has to be 
subtracted. The calculation is simplest when equal volumes of the 
different gases are considered. For reasons which will be explained 
later the volume which 32 g. of oxygen occupfes under normal con- 
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ditions (p, 28), is ctosen This volume is 22412 ccm. The 
. 22412 

expansion per degree is ccm. 

The work is obtained from this by multiplication by the normal 
pressure of 76 cm. mercury, 1-01313 x 10“ in absolute units, and 

thus amounts to — = 8-316x10’ erg. If v,, denotes 
the normal volume and pg the normal pressure, the work is given by 
equal to the gas constant"!-, since, in r = Tg the 

temperature of melting ice is 273° on the absolute scale. The quantity 
of a gas which has the volume of 22412 ccm. under normal condi- 
tions is called a jpol, and for these quantities the gas constant has 
the same value 8-316 x 10’ erg or 8 316], and is denoted by E. If 
the specific heat at 'Constant pressure, C^, of a mol of gas (the molar 
heat) is known in joules, the molar heat at constant volume 0„ is 
obtained by subtracting 8-316] . 

C, = C,-E. 

Molar heats are generally given in calories per degree. The 
value of E is then to be divided by 4-183, the amount of a calorie 
in joules, which gives E=T986. The molar heat at constant 
pressure is 1-986 cal per degree greater than at constant volume. 

The numerical values of the heat capacities of gases depend on 
the nature of the gas, and will be dealt ivith when the connexion 
between physical and chemical properties is discussed. A few 
general statements will suffice for the present. 

The molar heat of gases which are nearest the ideal gases (helium 
and its analogues) is 20-8 at constant pressure, and* 12-2 at constant 
volume. It is independent of the temperature and is the smallest 
value observed for gases. For other gases it is greater and varies 
with temperature to a greater extent, the greater the value is. The 
independence of specific heat of the temperature is one of 
the characteristics of a perfect gas. 

Density and Volume of Gases. — The density of a substance is the 
ratio of its relative weight or mass to the volume which it occupies 
As the two former are numerically expressed by the weight of the 
object in grams, and the volume unit of nvater, one cubic centimetre 
weighs 1 g., the density can be expressed as the ratio of the weights 
of equal volumes of the substance and of pure water at 4°. 

This is not very convenient^ so far as gases are concerned. In 
the first place the numbers obtained are very small, since gases are 
hundreds or a thousand times lighter tham equal volumes of water ; 
and, further, the weight of unit volume of a gas varies to a high 
degree with temperature and pressure. The density must therefore 
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be determined for the “normal condition” of gases at 0° and 
atmospheric pressure 

Under these conditions, the density of atmospheric air of average 
composition is 0’001293. A litre of air weighs a little over 6/4 g. 

Air is too variable for a scientific standaid, as it is not a pure 
substance with definite properties. Oxygen is the most suitable 
standard; its density is 0'001429. 

The specific volume is the reciprocal of the density, i.e. the 
volume of one gram. For oxygen it is 699'8 com., almost exactly 
700 Gcm. 

For other temperatures' and pressures (in cm. of mercury) the 
weight of 1 com. of oxygen is 

and the volume of 1 g. of oxygen is ^ 

P 

To avoid the inconvenience mentioned above, it has become the 
practice to give, instead of the absolute density, the ratio of the 
weight of the gas in question to the weight of the normal 
gas, when both are at the same pressure and .temperature. 
As these factors are the same for all gases, this ratio is independent 
of the pressure and temperature. 

Molar Weight. — Air was formerly employed as a standard gas, 
but is not suitable for the reasons given. Oxygen has taken its 
place, hut for reasons which will he explained later, oxygen is not 
used directly as a normal gas, but an imaginary gas whose density 
is ^ that of oxygen. The weight of one cubic centimetre of the 
normal gas is 32 times as small as that of oxygen and is 
0‘00004466p/76(l + at). The relative density of oxygen thus be- 
comes 32. As the densities of air and oxygen are in the ratio 
0’001293/0’001429, densities referred to this iTormal gas are 
32 X 0'001293/0'001429 =: 28‘98 times as large as densities referred 
to air. It is important to remember this factor 28‘98, as the latter 
densities are frequently given in the literature. 

Densities referred to this-normal gas are called the molecular 
weights of the gases, this Bomenclature being based on the molecular 
hypothesis. To avoid the disadvantage of giving a name derived 
from a hypothesis to an empirical magnitude which is absolutely 
independent of any hypothesis, this name will he replaced for the 
present by the term molar weight. 

Measurement of the Beasity of Glases. — The knowledge of the 
molar weights of diflferent gases has a special interest for the chemist, 
and different methods of arriving at it have been contrived. 
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These all come m the end to the same thing, viz. both the volume 
and the weight of a given quantity of gaa are determined at a definite 
temperature and pressure. If we then calcukte how much an equal 
volume of the standard gas weighs under the same conditions, the 
ratio of the two weights gives the specific gravity required. If W 
IS the weight of V volumes of the gas to be investigated at the 
temperature t and the pressure P, that of an equal volume of the 
normal gas is 


g= -00004466 


PY 

76(1 + -ooseTt)’ 


and the 


weight required, 


W 

g’ 


has the value 


W X •0_0367t) _ WT 

'-00004466 PY' ~ '’^'^^PY' 

where T = 273 + t. 

This equation holds for all methods of determining vapour densi- 
ties ; its application presupposes that the pressures are measured in 
centimetres of merom-y, the volumes in cubic centimetres, the weights 
in grams, and the temperatures in centigrade degrees -t 273. The 
various methods differ only in the means adopted to get a knowledge 
of these four requisite numbers. 

If it is required to get as accurate determinations as possible of 
the density of gases that can bo investigated at comparatively low 
temperatures, two equal glass globes of suitable size are employed ; 
these can be closed by means of stop-cocks, and are exactly equalised 
as regards their weight and external volume One of the globes is 
closed (preferably when exhausted) and this then serves as a counter- 
poise to the other, which is weighed alternately empty and filled with 
the gas whoso density is to be determined. Tho counterpoise of • 
equal external volume is rendered necessary by the fact that the 
total upward pressure exercised on the globes by the air in which 
they are weighed is about as great as the weight of the gaa itself, 
and that this jiressure is variable with the condition of the atmo- 
sphere. If, however, the variations affect both sides of the balance 
equally, as they do in the arrangement described, they have no 
influence on the result of the weighing. When tho globe is weighed 
exhausted of air its volume is rendered somewhat smaller by the 
external atmospheric pressure, and consequently the upward pressure 
is also smaller, so that in very exact measurements this circumstance 
must be taken into account. 

The difficulties encountered in such experiments lie in the 
necessity of weighing the large gas receptacles with great accuracy ; 
the determination of the pressure, volume, and temperature can be 
made with sufficient exactness much more easily. In consequence 
of this we may frequently attain the desired end more conveniently 
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and witli greater precision by weighing the gas, not as a gas, but in 
the solid or liquid state. This by no means presupposes that the 
gas as such may be conveniently brought into this state (though this 
can usually be easily done with the aid of the low temperature of 
liquid air) ; we can make use of this mode of procedure whenever 
the gas can be generated from solid or liquid compounds, or can 
be converted into these For example, to find the specific gravity 
of oxygen, Buff weighed a retort filled with potassium chlorate, 
generated oxygen from this, measured the volume, pressure, and 
temperature of the gas, and weighed the retort a second time. The 
difference between the twd weights gives the weight of the oxygen 
measured. Conversely, Marchand led the still unknown quantity 
of oxygen, whose volume, pressure and temperature he had deter- 
mined by the aid of an mdifferent gas (carb^^u dioxide), over a 
weighed quantity of red-hot copper, which unjbed with the oxygen 
to form copper oxide, so that from the increase in weight he 
obtained the weight of the oxygen. It is easy to see how these 
methods may be applied in other cases 

When great accuracy is not required, or when only small 
quantities of gas are at our disposal, the scale of the experiments is 
considerably lessened. Very often the chemist has to determine the 
specific gravity of gases that at ordinary temperatures possess the 
solid or liquid form, i e. of vapours. To this end smaller bulbs of 
from 200 to 600 ccm. capacity are used, into which some of the 
substance is introduced. By exposing the bulbs to a temperature 
considerably (30° to 50° at least) above the boiling-point of the 
substance, so that a rapid evolution of gas is brought about, we can 
displace all the air contained in the bulb by the vapour. When the 
stream of vapour ceases to issue from the drawn-out neck of the 
bulb, this IS seated off and the temperature and barometric pressure 
observed. The weight is found from the difference in weight of the 
bulb when empty and when filled with vapour (the upward pressure 
being taken into account), and the volume is obtained by weighing 
the bulb empty and filled with water at 4° ; the difference of weight 
in grams is equal to the capacity in cubic centimetres. It must not 
be forgotten that the bulb at the temperature of observation has 
a somewhat larger volume, because it is expanded by the heat , the 
increase for glass, about ’00003 per degree is inconsiderable (Dumas). 

We may often save ornrselves the trouble of weighing the bulb 
before and after the experiment by determining the weight of the 
vapour in some other fashion. For instance, if the vapour density 
of iodine is required, we have only to wash out the bulb with 'a 
solution of potassium iodide after the experiment has been made, 
and to titiate the resulting solution with sodium thiosulphate in 
order to get a very exact determination. Such expedients, however, 
have been as yet almost entirely neglected. • 
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At very high tomperatui-es, where glass is not sufHciently 
resistant, porcelain bulbs are used which may be closed by means 
of the oxyhydrogen blowpipe. As the determination of the 
temperature in such circumstances is by no means easy, we may 
avoid it by making a parallel experiment under the same conditions 
with air, the weight of which is also determined, preferably by 
measurement rather than by direct weighing. However, if weighing 
be preferred, a heavy gas of known density ought to be employed 
instead of air, in order to reduce the relative error of weighing 
(Devilleand Troost). Iodine vapour, hilijierto used for this purpose, 
is not suitable, as its density at high temperatures is not constant. 

In a certain sense the converse of Dumas’ process constitutes the 
method of Gay-Lussac, in which we determine, not the quantity of 
vapour which occupies a given volume, but the volume which is 
occupied by a given quantity of vapour The method presupposes 
the possibility of weighing the substance in the solid or liquid state. 

In the actual performance of the experiment, such a weighed 
quantity is introduced into a graduated glass tube filled with 
mercury and standing in a mercury trough. The tube must bo 
placed in an apparatus which allows of its being maintained at a 
uniform temperature which * 
can be accurately deter- 
mined. The substance 
assumes the vaporous 
state, whereby mercury is 
displaced, the displaced 
volume being read off on 
the divided scale. The 
pressure on the gas is equal 
to that indicated by the 
barometer minus the height 
of the column of mercury 
still remaining in the tube, 
this height mus"!, however, 
be reduced to 0° by making 
use of the known coefficient 
of expansion of mercury 
(- 000182 ). 

A variation of this 
method given by Hof- 
mann, who employs long 
tubes and a vapour-jacket 
for heating, is a great improvement on the somewhat inconvenient 
original process. . . 

To this group also belongs Victor Meyer’s method, which is 
likewise a very convenient one (Kg. 8). A cylindrical vessel with a 
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long neck is heated to a suitable uniform temperature. The upper 
part of the vessel is put into communication with a measuring tube, 
and then a weighed quantity of the substance is let fall into the 
lower part of the apparatus. The substance in assuming the gaseous 
state expels an equal volume of the air which filled the vessel ; this 
air enters the measiu’ing tube, and from the reading thcl weight of 
the normal gas can be determined m the usual way. The method 
has the great advantage of being applicable at all temperatures for 
which resistant vessels can be made, and of a knowledge of the 
temperature of the vapour-chamber not being required. 
This temperature must, however, remain constant during the 
experiment. 

In order to learn the temperature of the vapour-chamber, which 
is of importance for certain purposes, Victor Mqjrer drives out the 
contained air by means of hydrochloric acid gas, and collects it over 
water which absorbs the hydrochloric acid. Ir v' is the volume of 
the ail' expelled at the temperature of the atmosphere T', and v the 
volume of the vapour- chamber, then the required temperature T 
follows from Gay-Lussac’s law 

v':v = T':T 
T = ^T'. 

Other methods, to be used in special cases, have been frequently 
described, but they have not come into general use, and so may be 
neglected here. 

Deviations from the Gas Law. — The first investigations on this 
subject were made by Despretz in 1826, though some isolated 
observations had already been communicated by van Marum and 
Oersted. He.^g^me to the conclusion that gases which are near the 
point where they pass into liquids are more compressible than they 
ought to be according to Boyle’s law. 

Arago and Dulong, who in 1829 took up the experiments with 
greater experimental means at their disposal, could discover no 
deviation in the case of air up to 27 atmospheres. Other gases 
Were not investigated. Pouillet compared carbon dioxide, nitrogen 
monoxide, methane, and ethylene with air, and found with all these 
gases deviations in the same sense, namely that they were more 
compressible than corresponded to Boyle’s law. The last two gases 
were not then known in the liquid state. Very comprehensive 
experiments were afterwards carried out by Regnault. It resulted 
from them that no gas was found to obey Boyle’s law exactly. 
Besides the already known deviatiCn of too great compressibility, 
hydrogen showed the oppoai,te behaviour — was according to Eegnault 
a “ gaz plus que parfait.” 

However, it soon appeared that this, at first quite unexpected, 
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behaviour is shown by all gases under very high pressures, provided 
they do not liquefy under the pressure. Natterer (1850) discovered 
this in the course of his attempts to liquefy the so-called permanent 
gases, oxygen, hydrogen, and air. 

Interesting and inviting tofurtliei research as Natterer’s lesnlts 
were, nearly twenty years passed before a more thorough investiga- 
tion of the subject was begun In 1870 Cailletet, and simultaneously 
Amaga t, again took up the matter. The latter especially has greatly 
advanced our knowledge of the question. 

The following diagrams (Figs. 9-11) give a representation of the 
behaviour of some gases at high pressures. ^^The pressures are plotted 
on the horizontal axes ; on the vertical axes we have the values of 
the product pv. If the gases followed Boyle’s Law exactly, pv 
would be constant and the curve would become a straight line 
parallel to the hoi^ntal axes. As we see, no gas corresponds to 
this simple case. M^t of them exhibit a decrease of the product at 
low pressures, i.e. they are then more compressible. At high 
pressures, on the other hand, the product pv is without exception 
greater, and all the gases behave like hydrogen. 

An important peculiarity shown by all gases which have been 
investigated at high pressures is that above a definite pressure the 
pv curve again becomes a straight line. The anomaly observed in 
the _ ope of hydrogen at low pressures is exhibited by all gases at 
sufficiently high-pressui’es. This points to the followdng conclusions. 

The linear portion of the pv curve with variable pressure p, 
observable at the right side of all the emwea in Pigs. 9-11, indicates 
that there pv increases proportionally as the pressure, ie. 
follows an equation of the form pv = a + bp, which may be trans- 
formed into p(v - b) = a. 

Comparison of this equation with the ordinary gas equation, 
which for constant temperature has the form pv = a, shows that 
strongly compressed gases differ from gases at low pressui’es only 
in that their total volume is not inversely proportional to the 
pressure, but t]je volume becomes so after deduction of a 
quantity b which is independent of the pressure. That is to 
say, gases behave as if they consisted of an incompressible part b,- 
and of another part v - h, which obeys the gas laws even at the 
highest pressures 

This is not inconsistent with the behaviour of gases at low 
pressures , the “ incompressible volume is present in this case 
also, but amounts to such a small fraction of the total volume, 
that it is negligible. For hydrogen at 0° and 76 cm. the incom- 
pressible part is only ’0006, artd does not attain to 1 per cent 
until the pressure is 16 atmospheres. The fraction is somewhat 
larger in other gases, but is of the same order. 

The fact that the behaviour of gases is different at moderate 






ires and at liigli pressures points to the existence of some; 
disturbing factor. This has been found to be the density, 
facts of which finally lead to the production of a liqnid from 
is. This will be considered fully later. 



Pill. 11 — Ovnnoif DioxiDr; 


'he earlier investigations m^jido with respect to gases at very 
oressures yielded no concordant results. JRecent very accurate 
rches by Lord Eayleigh (1901) have shown that between 
ures of '002 and ‘00003 atmospheres gases follow Boyle’s 
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law exactly. If, as has been suggested from theoretical considera- 
tions, de-viations again occur at exceedingly small pressures, this 
region seems to lie beyond the bounds of possible measurement. 

The deviation of gases from the simple laws takes place not 
only when the piessm’e but also when the temperature varies. 
At first the coefficient of expansion as determined by G-ay-Lussac 
as well as by Dalton was considerably too high. After the 
correction of the value by Kudberg, Magnus investigated several 
gases and found marked differences between them. As m the other 
case, the deviations are greatest with the most dense gases, and 
the coefficients of such gabes are greater than those of nofmal gases. 
These deviations from Boyle’s law are such that they 
become smaller as the temperature increases. This is easily 
foooguised in Figs 9-11, the curves being flatter and more horizontal 
the higher they he f 

The pressure increases if the gas is not alloyed to ' expand. The 
pressure coefficient is also constant and equal to the coefficient 
of expansion only in the case of ideal gases. The deviations 
observed are of the same order of magnitude in the two oases 
But these rules only hold for moderate pressures ; at high pressures 
the two coefficients may be either larger or smaller thau the normal. 
This also may be deduced from the curves of Figs. 9-11, hut the 
mere suggestion must suffice. 

As already mentioned, the divergence from the laws is greatest 
when the gases are near the point of condensation. The differences 
shown by certain gases, of which nitrogen peroxide is the best 
example, are of quite a different nature from those divergences 
which are due to the density of the gas, and he within moderate 
limits at not too high pressures. They are much larger and are 
confined to definite moderate limits of temperature and pressure. 
The explanation is to be found in the variation of the gas constant 
r, which is connected with the change of colour and other properties 
of the gas. That is, they comprise gases which undergo reversible 
chemical changes. 

But these considerations have already taken us from the 
general to the special properties of gases, they must therefore 
be deferred. 



CHAPTER IV 

LKjmus 

Q-eneral, — Tliero is a very important dilleieuce between gases on 
the one hand and \^uids and solids on tho other, m that there are 
no specific properties of the latter states which are quanti- 
tatively the same for all substances in the same state of 
aggregation, such as the influence of pressure and tcmperatuie 
on the volume of gases. These influences vary with the nature of 
the substance just as do tho density and the colour of gases. Even 
those properties which are characteristic of the liquid or of the solid 
state, fluidity and rigidity, are characterised by special coefficients, 
which are different for hut are peculiar to the individual substance. 

The cause of this difference of behaviour is that the density of 
substances in the liquid and solid states is much greater than is the 
case with gases. It has already been mentioned that the deviations 
of real gases from the ideal gas laws do not follow any general rule, 
but differ for different substances, and not merely to different extents 
according to the nature of the substance, but even in direction. We 
have here the influence of the constants of the suhetance, which in 
the liquid and solid states becomes predominant. 

Liquids, in contrast with gases, possess a definite or specific 
volume. Since the volume is proportional to the quantity, and the 
latter is of no a«count in characterising the substance, the absolute 
volume IS not a constant of the substance. The quantity is pro- 
portional to tho mass, and therefore to its numerical equivalent, the 
relative weight ; and the ratio between the volume and weight or 
mass is independent of the quantity of substance, but is dependent 
on its nature, and constitutes a ^ecific property. The two inter- 
dependent ideas are in use, specific volume and specific weight, 
derived by dividing the volume by the weight and mce versa The 
first gives the volume of tho unit of weight, the specific volume; 
the other gives the weight of the “anit of volume, the specific gravity 
or density. Until recently, the latter idea was in most frequent use 
both scientifically and in daily life, but for scientific purposes the 
advantage lies with the conception of specific volume. Still more 
61 



52 OUTLINES OS' GENERAL CHEMISTRY BOOK I 

generally useful is fie molar volume, %e the volume of chemically 
comparable quantities of different substances, this will be discussed 
later on. Numerically, the density is the quotient of the weight 
of the object, measured in grams, and the volume in cubic centimetres. 
Since 1 ccm. of water weighs 1 g., the density is practically equal 
to the weight of the body divided by the weight of an equal volume 
of water ; tins indicates the usual method of determining the density 
of a liquid. A suitable vessel (a pycnometer) is successively filled 
to a given volume (up to a mark or to the stopper) with water and 
the liquitl, and the weight in each case noted. The weights of that 
volume of water and tlf^ liquid are found by subtraction of the 
previously ascertained weight of the empty vessel, and by division 
of the one weight by the other the density is obtained. 

Many precautions must be taken in actually performing these 
experiments. All objects when weighed in air /affer loss of weight, 
due to the buoyancy of the air. The extenvis dependent on the 
temperature and the pressure of the air at the time ■, an appreciable 
effect is also produced by variation in the amount of water vapour, 
and even of carbonic anhydride in the air In the present instance, 
the two experiments are performed under the same atmospheric 
conditions, since there is only a small interval of time between them , 
the buoyancy is therefore the same in the two weighings. Still the 
effect IS not completely removed, for if the buoyancy be a and the 

apparent weights of water and liquid be w and f, the density is I 

i.e. the effect of a is greater, the greater the difference between the 
density of water and of the liquid. 

Further, the density of water is 1 at one temperature only, 
viz, + 4'’ C. It IS smaller at all other temperatures, and the calculated 
density would he too high. It is most convenient to make the two 
weighings at the temperature at which the density of the liquid is 
required, and to divide the quotient of the two weights (corrected for 
buoyancy) by the density of water at that temperature. The subjoined 
table gives the density and specific volume of water at different 
temperatures 
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density vnd Si'EciFio Volume oe Wateu 



Compressibility. — Liquids show none of the uniformity that we 
found in tlie case of gases under the influence of pressure. The 
compressibility, measured by the change of volume which unit 
volume experiences when subjected to unit pressure, is very small ; 
it is e g. for water, only about 48 millionths per atoiosphere. For 
other liquids it is usually greater, and is always to a great degree 
dependent on the temperature. 

The absolute determination of this magnitude is very inexact on 
account of our inability to calculate with sufBcient accuracy the change 
of volume of the containing vessel. Eelative determinations are 
easier to make ; and if the absolute compressibility of one liquid is 
known, it is an easy matter to calculate others from a relative 
determination. For this purpose, the data for mercury are used, the 
compressibility of which at 0° C. is 0 000P038, i.e. less than 4 cubic 
mm per litre for a pressure of 1 atmosphere The difference between 
the apparent diminution of volume of mercury, produced by a given 
pressure in any given vessel, and the diminution calculated from the 
true compressibility, is equal to the change of volume of the vessel. 
Once this is known, the real diminution of volume of any other liquid 
is easily calculated from the apparent change in volume, and from it 
the compressibility or the coefficient of compression. 
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Ttemal Expansion. — The expansion of liquids hy heat is also 
greatly dependent on their nature, and is not yet susceptible of 
treafcmeut from a general standpoint. Whilst for gases the equa- 
tion holds Vt = Vo(] +at), where a is the coefficient of expansion, 
higher members of the senes must be added to represent the 
influence of temperature on the volume of liquids, Vt = Vq( 1 + 
at + bt^ + ct® . . .). In other words, the temperature coefficient 
varies with the temperature. Such formulae have no theoretical 
significance, and their only use is to calculate the volumes for 
intermediate temperatureg at which no direct observations have 
been made. The same service is rendered by curves, whose abscissae 
represent the temperatui'es and ordinates the volumes, or better 
the changes of volume 

Mendelejeff (1884) has proposed a formuk which represents 
the expansion of liquids with considerable accq^acy, although only 

one constant is used. It has the form V = S'IeI agrees toler- 

ably well with the observed data. The variations from it, however, 
are mostly larger than can be explained by errors of experiment, 
and Mendelejeff therefore considers his formula as a law like the 
laws for gases, which an ideal liquid would follow exactly, but 
from which actual liquids diverge more or less, according to cir- 
cumstances. Ho investigations as to the connexioji between the 
magnitude k — the "modulus of expansion” — and the composition 
of liquids have as yet been undertaken. 

Water occupies quite a peculiar position with regard to expansion 
by heat, as Eumford showed m 1802. On heating from 0° it 
Contracts until it occupies a minimum volume at 4°, whence on 
further heating it expands like all other liquids, expanding the 
more the highei'' its temperature already is. Between 0° and 100°|| 
it expands some 4 per cent of its volume at 0“, one-fourth of'j 
this expansion taking place between 0° and 60°, and the remaining i 
three-fourths between 60° and 100° (cf. the table on p, 53). ' 

As different liquids behave differently towards external pressure 
and heat, it is to be concluded that their volume is not conditioned, 
like that of gases, by general circumstances which are independent 
of their chemical nature, but rather by their special nature. 

Surface Tension. — A characteristic phenomenon of liquids, which 
is entirely wanting in gases, is the formation of a surface Such 
a surface is always spontaneously formed when a liquid is placed 
in a larger space than corresponds to its own volume under the 
existing conditions. 

The sui'face is generally plane", but this is because the liquid 
is usually under the influence of gravity. When this is excluded, 
a force is exerted which strives to diminish the surface as much 
as possible. Work is necessary to create or tP increase the surface ; 
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, work can accordingly be obfcaiiiod by its diminution. The surface 
' of a liquid is tliua the seat of a form of energy, which is conditioned 
by the existence of the surface and is changed in magnitude with a 
i change in its extent. This is the hsurface Energy j it may be 
regarded as characteristic of the liquid condition, ]ust as volume 
; energy is the mo.st imjiortant form of energy in gases. It will 
be shown later that, so far as general laws are concerned, there 
are well-marked analogies between the two. 

Vaporisation and Liquefaction. — In general a liquid can only 
exist under definite conditions of tempeirature and pressure. If 
the pressure is lowered by increasing the -folume, or the temperature 
raised by external heating, a point is reached where a gas appears 
along with the liquid, and by further increase of volume or of 
temperature, the whole liquid is converted into gas. A gas formed 
from a liquid, or capable of being turned into a liquid in such a 
manner, is usually called a vapotir. 

Those processes are reversible. If the volume of a gas is 
diminished, and the temperature lowered, a temperature and 
pressure are reached at which a liquid separates from the gas, and 
finally nothing is left but liquid. 

These are real chemical changes, although of the simplest kind, 
according to the definition of chemical change as the disappearance 
of certain suhstiinces and the formation of others. It is sometimes 
said that it is better to consider vaporisation and liquefaction as 
physical processes. Nomenclature is always arbitrary and influenced 
by practical considerations, but there is this to he said, that these 
processes are very similar in many respects to those which are 
, generally acknowledged to be strictly chemical processes, i.e. there 
are general laws which embrace both groups of phenomena. This 
is quite a sufficient piactical reason for classing *changes in the 
state of aggregation as chemical processes, more especially as a 
knowledge of them is of fundamental importance for all chemical 
work. 

Every liquid*cau be changed into its vapour at any temperature 
by diminution of pressure, although at low temperatures the pressure 
is so small that it is barely, if at all, recognisable. But it must 
not be assumed that every gas can be liquefied by increase of 
pressure alone. There is a temperature limit, above which liquid 
is not produced by the greatest prasau*0. This is the Critical 
temperature, and the special behaviour at this point will be fully 
dealt with later 

Pure Substances and Solutions. — The laws enumerated above 
hold for all bodies which are uniform or homogeneous, i.e. in which 
parts ivith different specific properties cannot he recognised. Want 
of uniformity is observed in mixtures, and optical methods generally 
suffice for their recoghition. If the parts of a mixture are ot 
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different colour, nrere inspection, with or without the aid of a 
microscope, is sufficient. If the colour be the same, e.g. all white, 
it can be said in general that any turbid or whitish-opaque body 
is a mixture, while a homogeneous body is always transparent, though 
the transparency may be slight because of absorption of light. Thus, 
transparent water and glass become turbid and opaque when in a 
state of fine , division and mixed with air. The converse is not 
always true, for if the particles are much smaller than the wave- 
lengths of light, a mixture will appear transparent. 

Mixtures of gases do not exist, for whenever two" gases are 
brought together, they iinite (except when profound chemical 
change occurs) to a uniform gaseous system, in which, after a 
sufficient lapse of time, different components cannot be found by 
optical or other methods. Uniform systems i^ch are formed of 
substances with different specific properties a/e known as Solu- 
tions. Gaseous solutions behave, with respect to temperature and 
pressure, in the same manner as the substances from which they were 
made, i e. they obey the general gas law pv = rT. The gas laws, 
then, afford no criterion of the existence of a gas solution. Tor 
instance, atmospheric air is a gas solution (of nitrogen and oxygen), 
and yet the gas laws were first based on it, before their .validity 
had been tested on pure gases. 

The formation of a solution by bringing together two different 
liquids is not so general as it is with gases, although it may be said 
that a solution will always be formed if a very little of one liquid 
is brought together with a very large amount of another. Even 
then the limit is frequently reached. There are many cases in 
which, just as with gases, uniform solutions are formed, and these 
conform to the general laws of the liquids from which they are 
derived, i.e. thejr have definite values of density, compressibility, 
thermal expansion, etc. 

There are, however, important differences between liquids and 
solutions of liquids as regards the mutual transformation of liquid 
and vapour. In this respect, all uniform liquids and gases are 
divided into two classes, pure substances and solutions. The 
difference is as follows. 

If the temperature and pressure are changed until a liquid just 
begins to form vapom’, it is found that the process begins at a 
definite temperature andr. pressure, which are as truly specific 
properties as the density, etc. With liquids of the first class, 
the whole liquid can be changed into vapour at this constant 
temperature and pressure All that is necessary is to increase 
the space and to supply the heat used up in producing the vapour; 
if this is done, the transfoi-mation is complete without altering any 
other condition. The specific properties of the residue left after 
part has been vaporised, remain unaltered until the last drop has 
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gone ; and so, too, with the vapour When this happens, a 
homogeneous liquid is a pure substance ^ 

It is characteristic of homogeneous liquids of the second class, 
that the formation of vapour begins at a definite temperature 
and pressure, but cannot be completed at them. Either the 
pressure must be continuously diminished or the temperature be 
raised, if the process is to be continued; the temperature and 
pressui'e at which the last drops vaporise are quite different from 
the first values. These are called Solutions. 

Vapours which are formed from pure liquids behave in a 
corresponding maimer during the change from gas to liquid. After 
liquid has once formed at the appropriate temperature and pressure, 
suitable diminution of the volume and removal of the heat set free 
on condensation w41 cause the whole of the vapour to liquefy at 
constant temperature and pressure; during this time the specific 
properties of neither liquid nor vapour suffer any change. 

The vapours from liquid solutions show the solution character 
on liquefaction. This commences at a definite temperature and 
pressure, but cannot be continued under these conditions; the 
pressure must be continuously raised or tbe temperature lowered, 
and the last fraction of the vapour disappears at a higher pressure or 
a lower temperature than those at which liquid first appeared. 

Uniform ga^es or liquids which consist of two or more gases or 
liquids with different specific properties always show the properties 
of solutions during vaporisation or liquefaction. This is the justifica- 
tion for applying this name to substances which cannot be vaporised 
or liquefied under constant conditions, although it is not known 
that they consist of different substances. 

Since pure substances are simjiler in tbeir behaviour than 
solutions, we shall deal exclusively with them at present, and the 
consideration of solutions will be deferred. 'When, therefore, 
substances are mentioned, pure substances iti the above 
sense are understood to be referred to. 

Vapour Pressure — From what has already been said, it follows 
that neither the relative nor the absolute quantities of vapour 
and liquid have any influence on their co-existence. According to 
the definition of a pure substance, any quantity of liquid can be 
converted into vapour, and of vapour into liquid, at constant 
temperature and pressure ; and both can rdmain together unchanged 
so long as the volume is not altered, and no heat added or subtracted. 
The idea of Equilibrium may be conveniently extended to 
all states which do not undergo change with time, or are 
independent of time, in which case the relationship between 
vapour and liquid is an example of equilibrium. In it we have 

' A sjiecial case, in wliith constaiit-toilhig liquids liave teen found to be solntious, 
will lie e\|)lamed later 
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the first and simplest case of chemical equilibrium in the wider 
sense. 

This equilibrium depends on the nature of the pm’e substance, 
and is one of its specific properties. It can occur at different 
temperatures, but only at correspondingly different pressures , 
great pressure is necessary with a high temperature for equilibrium, 
i.e. for vapour and liquid to exist together. If the pressure is 
fixed, the temperature at which the vapour and liquid can co-exist, 
which can be ascertained by starting with the liquid and steadily 
raising its temperature, in called the Boiling Temperature or 
Boiling Point, it can be recognised by the formation of bubbles 
of vapour. If the temperature is given, the pressure at which it is 
found that liquid and vapour can co-exist is known as the Vapour 
Pressure. Starting from gas, the Point o^ Liquefaction is 
reached, by which is meant both the temperatime and the pressure 
at which it occurs. 

It may be asked, whether there are not extreme limits of 
temperature and pressm-e, beyond which this equilibrium is no 
longer possible. As most liquids, it is well known, go into the 
sohd state at low temperatui-es, the equilibrium between liquid 
and vapour must cease and give place to that between solid and 
vapour. The vapour-pressure at this temperature is likewise the 
lower limit for it. On the other side, too, there is.a limit Since 
the pressure rises very rapidly with increase of temperature, the 
density of the vapour increases rapidly and approaches that of the 
liquid, there is a maximim temperature and pressure at which 
the two densities become the same. At this point all the other 
properties of the liquid and vapour are the same, so that there is 
no difference between the two states. This is the Critical Point, 
and will be fully treated later, it is defined by the corresponding 
Critical Temperature, Critical Pressure, and Critical 
Volume of the substance. Below the critical temperature it 
is possible to convert a gas into liquid by increase o^ pressure alone, 
but not above it. Similarly, below the critical pressure liquefaction 
can take place on cooling, but not above it. 

Liquefaction of Gases. — Wa should, therefore, expect any gas 
to be converted into liquid if it were sufficiently compressed and 
cooled. This expectation may be regarded as fully justified since 
the condensation of hydrogen by Dewar in 1898, and of helium 
in very recent times by Kamerlingh Onnes, who, after several 
attempts, obtained it in the liquid state at 4° Absolute. 

The first to occupy himself in a comprehensive way with the task 
of liquefying the substances known as gases was Faraday (1823). 
He liquefied carbon dioxide, hydrogen sulphide, hydrochloric acid, 
sulphur dioxide, cyanogen, ammonia, and chlorine by exposing them 
to considerable pressure at low temperatures. Thilorier (1836) 
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showed how carbon dioxide could be liquefied on the large 
scale, so that it became possible to uso the liquid substance, 
or better the solid mixed with ether, for the production of 
very low temperatures, -80“ to -115". Faraday used this 
means in 1846 and obtained hydriodic acid, hydrobromic acid, , 
sulphur dioxide, hydrogen sulphide, nitrous oxide, cyanogen, and 
ammonia, not only as liquids but as solids, while hydrochloric 
acid, hydrogen arsenide, ethylene, silicon fluoride, boron fluoride, 
and chlorine only assumed the liquid state. Hydrogen, oxygen, 
nitrogen, nitric oxide, .carbon monoxide, asd methane, on the other 
hand, showed no sign of liquefaction, * 

Afterwards, when the decisive influence of low temperature on 
the process of liquefaction had been made clear (see below), the 
method was of comae indicated by which the still resisting gases 
might be obtained 's liquids. Pictet (1877) produced very low 
temperatures by cooling liquid carbon dioxide by means of sulphur 
dioxide boiling in mcm, the former in its turn being then allowed 
to evaporate rapidly in an exhausted space. Oxygen which was 
evolved in a thick-walled iron rotort by heating potassium chlorate 
and compressed by its own pressure to several hundred atmospheres, 
assumed the liquid state at the temperature so obtained ( - 140°). 

Cailletet simultaneously liquefied the “permanent” gases by 
' using the work .done by their sudden expansion for the purpose of 
cooling them. For diSerent initial pressures of air there I's obtained 
the following table, if we assume the initial temperature to he 
always 0°, and the final pressure 1 atmosphere 

I'empwatMre 

Pressures m atmospheres. Absolute. Centigrade. 

100 71 5 -201 6 

200 68 5 -244 6 

300 62-0 -221-0 

400 47-9 -225-1 

600 44-8 -228-2 

We thus reach vSry low temperatures by beginning with somewhat 
high initial pressures. Of course those given in the table are never 
quite attained, for the gas, which must be in very small quantity on 
account of the great pressure, is at once warmed by the contain- 
ing walls Liquefaction under these circumstances is simply the 
production, at the instant the pressure is rileased, of a cloud which 
vanishes in a few moments. 

; In recent times, a continuous process has been devised by Linde 
and by Hampson (1896) by which atmospheric air can be liquefied 
in any desired quantity. The principle made use of is that air, 
because of its deviation from the gas laws, is cooled on expansion 
without doing work (e.ff. when passed through a throttle valve). The 
cooling IS very small, blit it is used to cool down the succeeding 
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quaiilities of air, wlieii the temperature of the au’ passing through 
the valve sinks still loAver. The cooling is thus increased with each 
passage of air through the valve, and is at length sufficient to 
liquefy the air. One advantage of this process is that the lower the 
temperature, the greater are the deviations from the gas laws, and 
the consequent amount of cooling on passing through the valve. 

The temperature of liquid air, boiling under atmospheric pressure, 
varies with the percentage of oxygen, and is about - 180° 0, By 
boiling it under reduced pressure we lower the temperature still 
more. At these temperatures almost all gases are liqmd or solid, 
and almost all liquids phss into solid crystalline or amorphous 
bodies. 

Degrees of Freedom. — If we compare the behaviour of a gas or 
liquid alone with that of the system vapour and liquid, we find 
a considerable difference. If a quantity of a/ gas be at a given 
temperature, its pressure is not fixed ; it can assume any value by 
simple alteration of the volume. But if one of- these is also given, 
the other is fixed too : any one pressure can be obtained at any one 
temperature only at a definite volume, and conversely. The condi- 
tion of a gas is thus completely defined by two variables, or, as it 
may be put, a gas has two degrees of freedom. A system con- 
sisting of liquid and vapour has only one degree of freedom: if the 
temperatiu'e is fixed, the pressure is fixed, and vice vefsa. 

The Phase Rule. — The cause of this is that such a system con- 
sists of two different parts, which are at the same temperature and 
pressure, hut have different densities and other properties. Such 
different parts of a system which are physically separated from each 
other hy a surface, are called its Phases. Within each phase the 
properties are constant, and each part of any phase only differs in 
quantity from toy other part of it; the properties of the phases 
differ from phase to phase, even when they are capable of 
oo-existenoe. 

Since the requirement that a second phase should exist in 
contact with the original phase disposes of one d^ree of freedom, 
• a system must have fewer degrees of freedom the greater the 
number of jihases in it, one degree of freedom being lost for every 
new phase. A single substance has two degrees of freedom, i e. 
pressure and temperature. In such a system, a homogeneous gas 
or liquid alone, there isnonly one phase ; the sum of the phases 
(1) and of the degrees of freedom (2) is three If another phase 
appears, as in the system vapour and liquid, one degree of freedom 
is lost, and one only is left; the sum of the phases and degrees of 
freedom still remains three. 

This mode of consideration appears to be merely a formal restate- 
ment of well-known facts. This is quite correct : it is, notwith- 
standing, of so much use in the investigation of complex systems 
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that it IS convenient to apply it in this simple case, so that wo jnay 
be familiar with its use when we reach more difficult cases. The 
general formulation of the law, as originally established by Willard 
Gibbs (1876), will then be given 

It follows from the behaviour of a vapour in contact with the 
liquid, i.e. of the saturated vapour, that neither the absolute nor 
the relative amounts of the two phases have any effect on the 
pressure. This, too, is' a special case of a general law ; the 
equilibrium between any two phases is not affected by 
the quantities of the phases Much use will be made of this 
law in what follows. •* 

If the quantity of a phase is very small, equilibrium is affected 
by the quantity, and to a very appreciable extent when a certain 
limit IS passed. This commences when the Surface Energy 
begins to be an important factor. Opportunity will be taken to 
} deal with this in the appropriate chapter. 

^ Vapour Pressure. — Equilibrium between liquid and vapour is 
therefore in general represented by an equation of tbe form p = f(T), 
in which f(T) is for the present an unknown function of the 
temperature, but of which, according to the law already mentioned, 
it is known that it increases with increase of temperature. It is also 
dependent on the nature of the vapour and of the liquid, and is an 
expression of the properties of both. 

The relatioft between pressure and temperature in the equilibrium 
of liquid and vapour can be determined in two ways The pressm'e, 
which is produced when a given space is filled with liquid and 
vapour and brought to the desired temperature, may he measured ; 
or the temperature may be found at which, under the given pressure, 
vapour is formed in contact with the liqnid. The former is the static 
method ; it was previously employed almost exclusively, hut has 
been shown to be the less accurate The second or dynamic method 
IS generally carried out by boiling the liqnid at the given pressure, 
i.e, bubbles of vapour are formed by the external application of the 
necessary heat ;• it alone is used at the present time for accurate 
work The temperature corresponding to any given pressure is the 
boiling-point of the liquid for that pressure ; the pressure which is 
exerted at any given temperature is the vapour pressure of the 
liquid at that temperature. 

The name vapour tension is frequently employed instead of 
vapour pressure Greater consistency is much to be desired in such 
matters. In this boob, tension will only be applied to the effects 
which occur in surfaces, and gwe rise to capillary phenomena; its 
dimensions are Energy /Surface The dimensions of pressures are 
Energy /Volume, and of forces, Energy /Length 

Vapour Pressure Formulae. — Two different problems regarding the 
connexion between vapour pressure and boiling temperature confront 
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US. Wo may seek for a general law, in which f(T) is replaced by 
a definite expression. Or, if no such general equation can be found, 

It may still bo possible to find a simple relation between fj(T) and 
f2(T), by means of which the data for one liquid can be deduced 
from an empirical knowledge of the other. It may be said at 
once that neither of these problems can be regarded as completely 
solved. 

As to the general vapour pressure formula which would give the 
course of the function, it is known that over large portions of the 
eui've it is similar to an exponential function, so that the logarithm 
of the pressure increases'.proportionally to the temperature. This 
IS, however, only a rough approximation, since for equal differences 
of temperature the differences of the logarithms are not constant, but 
decrease slowly with increase of temperature. So far, no simple 
expression has been found for this decrease. f 

Bertrand (1887) has given an interpolation formula which is of 
use for purposes of calculation. It has the form 

in which G and A are constants. 

The reason for the failure to bring such a general phenomenon 
as vaporisation under a simple formula, when the properties of gases 
allow of it, is that both liquid and vapour take part in the 
equilibrium. Simple relationships hold for vapours so long as their 
densities are not too great, but individual liquids (p. 61) differ in 
their behaviour. The properties of both phases are concerned in the 
vapour pressure, and so, owing to the simple behaviour of gases, 
there is an approximation to simple relations, which is obliterated by 
the individual influence of the liquid phase. For this reason, vapour 
pressure is a good means of gaining information regarding the effect 
of temperature on the' properties of liquids, thus paving the way for 
their more general treatment 

In the absence of a general formula, more successful attempts • 
have been made to find relations between the vapour pressures of 
different substances, so that if the course of the function of one 
liquid is known, the vapour pressure of another liquid can be 
deduced, when its vapour pressure has been determined at one or 
two points. 

The first essay was mWe by Dalton (1801). He stated the rule 
that liquids having different boiling-points exhibit the same vapour 
pressure at temperatures removed by the same number of degrees 
from their boiliag -points. Water boils at 100°, ether at 36°, i.f.. 
they each have at these temperatures a vapour pressure of 76 cm. 
At 80°, 20° below the boiling-point, water has the vapour pressure 
36'5 cm.; ether at the corresponding temperatiue of 15°, the 
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pressure 36'4 cm. The inmibers agree admirably ; Dalton, m fact, 
deduced bis “ law ’’ from the comparison of water and ether. 
Alcohol, on the other hand, which boils at 78", has at 58° a pressure 
of 33 cm., which is considerably too low, and the same holds for most 
other substances. 

Diihring’s rule, formed after Dalton’s, agrees much better with 
experiment. It consists in the modification of Dalton’s formula by 
the introduction of a factor depending on the nature of the liquid. 
When we pass from temperatures of equal pressure to other 
temperatures of equal pressure, the differences of temperature are 
not equal,* as they would he aecording," to Dalton, but always 
proportional. In other words, Dalton’s rule would hold if a 
special scale of temperature, proportional to the centigrade scale, 
were used for each liquid. If we take water as the liquid for 
comparison, Duhri^g’s formula is 

t'=e + q(t- 100) 

100 is the boilmg-pomt of water and 6 that of the liquid at 76 cm., 
t and t' the hoilnig-points at any other pressure, and q a factor 
which varies, according to the nature of the liquid, between -5 and 

2'3. To calculate q we have q = merely take the 

ratio of the differences of the boiling-points at any two pressures. 

Another 'formula which also gives a good approximation, 
especially with closely related substances, rests on the assumption 
that the boiling-points in degrees Absolute for the same 
pressures are proportional to each other. T^/T.^ is thus a 
constant, if T^ and Tg are the boiling-points of two substances at 
equal pressures. Ramsay and Young (1886) have chown that this 
holds for the halogen derivatives of benzene, and for a large number 
of esters of fatty acids 

When it does not hold, it can he replaced by the more com- 
plicated equation* 

T;/T2' = Ti/T2 + c(Ti'-Ti) 

m which T;,' and T2' represent the boiling-points at some other 
pressure, which is the same for the two substances. This equation 
Apasses into the simpler one when c = o. 

K The Critical Phenomena. — When the ^temperature of a vapour 
T in equilibrium with a liquid is raised, the vapour is affected in two 
ways. If the pressure is kept constant it will expand owing to the 
increase in temperature. But the pressure will also increase and 
the vapour will become denser The latter effect is by far the 
greater, and without exception, the density of a saturated vapour 
increases with rise of tsmperature 
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Suppose the temperature to be steadily increased, the density 
of the vapour will steadily approach that of the liquid, and will 
at last reach it. With this equalisation the other properties have 
become equal too, i.e. at this point the vapour and the liquid have 
become identical. A liquid which up to this point occupied a given 
space, and was distinguishable from its vapour by the boundary 
surface between them, would fill the space uniformly from this point, 
and the interface would be no longer recognisable. This phenomenon 
was first observed by Cagniard-Latour (1822). 

It might be supposed from this that a gas need only be subjected 
to sufficient pressure to'^be converted into a liquid 'Natterer 
(1848), however, faded to liquefy oxygen, nitrogen, and hydrogen, 
even at very high pressures, although a number of other gases had 
been liquefied by Faraday (1823 and 1845) by means of high 
pressures and strong cooling. ^ 

Andrews (1869) explained this anomaly by showing that the 
temperature is as important a factor as the pressure in the lique- 
faction of gases. His observations were made on carbon dioxide and 
will serve here as illustrations. 

If the gas at room temperature, about 18°, is subjected to 
increased pressure, the volume diminishes at first according to 
Boyle’s law, but afterwards more rapidly. At 60 atmospheres 
liquid begins to separate, and further diminution of volume occurs 
without any increase of pressure until all the gas has become liquid 
This is the usual behaviour of a vapour. i 

On repetition of this experiment at a temperature above 31°, no 
liquid is obtained however high the pressure. The contents of the 
tube in which the experiment is made remain uniform. Further 
investigations show that the limiting temperature is 31 4°; below 
31 '4° carbon 4loxide can be compressed to a liquid, but not above 
3T4°. This temperature may be regarded as the limit of the liquid 
state for this gas. 

The matter is not quite so simple as this. The highest pressure 
required to liquefy carbon dioxide is 76 atmosph,§res at 3r4°. If 
the gas is subjected to a higher pressure, say 80 atmospheres, at 
a temperature above 31°, and is then cooled, the pressure being 
maintained until the temperature is below 31°, when it is reduced, 
we shall have a liquid as shown by the contents of the tube boiling 
and being partially converted into vapour. 

It IS therefore possiWe to start with a gas and convert it into 
a liquid without the coexistence of two phases 

The reverse process is also possible. Carbon dioxid.e below 31° 
is liquefied by pressure, which is then increased to over 80 atmo- 
spheres ; the liquid is then warmed at that pressure. At no instant 
is there vaporisation, in particular not even when 31° is exceeded. 
If the pressure is reduced when the temperature has reached e.g. 40°, 
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the contents of the tube are gaseous, diminution of pressure down to 
atmospheric pressure causing no appearance of boding.' 

The gaseous and liquid states are therefore continuous, and the 
discontinuity usually observed is due to tho way in which the change 
is generally accomplished. 

These relations are rendered very clear by the diagram in Fig. 
12, in which the corresponding pressures and volumes at constant 
temperatures are represented in a co-ordinate system ; the pressures 
in atmospheres are plotted 
on the upright axis, and 
the volumes in arbitrary 
units on the horizontal 
axis. 

The curves for con- 
stant temporaturerj or 
isothermals, of a perfect 
gas are represented in such 
a system by hyperbolae, 
corresponding to the 
equation pv = constant. 

Tho ciu’ves for air, which 
are reproduced for a 
number of temperatures 
in the toji right-hand 
corner of the diagram, 
deviate very slightly from 
this. The last curve on 
the right for carbon diox- 
ide, that for 4RT°, is 
similar to them ; it lies 
below the corresponding 
curve for air because the 
product pv is smaller than 
for air, owing to tjie devia- 
tion of carbon dioxide 
from the gas laws. The isothermal for 36-6 lies still lower, and 
has a marked flexure at 85 atmospheres, i.e. the compressibility 
at high pressures is small, and at this point suddenly increases. 
This is still more noticeable at 32'5°, and at 31T° it is so great that 
at about 75 atmospheres the curve runs hSrizontally for a moment. 
At this point of the curve the compressibility is extremely great, a 
small diminution of pressure causing a very large increase of volume. 

The curve for 21 T° is essentially different. The curve is no 
longer continuous, but consists of three portions which meet at an 
angle. Beginning on the right with large volumes and small 
pressures, this part of the curve belongs to the gas. At about 60 
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atmosplaeres there is an angle, and the curve becomes a horizontal 
straight line. This is the point at which liquefaction commences j 
the pressure is then independent of the volume. When liquefaction 
is complete, there is a sharp turn upwards, the pressure increasing 
very rapidly for a very small diminution of volume. 

The isothermal for 13T° is similar, except that condensation 
begins at greater volume and lower pressure, and tbe vapour dis- 
appears at a smaller volume. 

If all the breaks in the curves are connected by a line, as by the 
dotted line in Fig 12, all the conditions under which the tym phases, 
liquid and vapour, can coexist lie within this curve, and the oiie- 
pbase conditions outside it. Any continuous curve which we may 
draw on the diagram represents a connected series of states, the 
volumes and pressures of which can be read off on the axes ; the 
temperatures are given by the isothermals, whiclf are intersected by 
the curve. If a curve is so drawn that it avoids the two-phase 
region, it represents a series of homogeneous or uniform states. 
But the lower right-hand corner represents gas states, and the lower 
left-hand corner liquid states. We can therefore obtain liquid from 
gas (and Dice versa) without any discontinuity of state or the appear- 
ance of a second phase, so long as temperatures and pressures within 
the dotted line are avoided. This is what is meant by the continuity 
of the gas and liquid states. 

We have at the point K the highest pressure and highest 
temperature at which the liquid can be recognised to exist in con- 
tact with its Vapour. It is the critical point, and the correspond- 
ing temperature and pressure are the critical temperature and 
critical pressure. The point K further represents a volume which 
is the critical volume with a corresponding critical density. 
The volume may be referred to unit weight as usual, or better to 
the mol, in which case it is the critical molar volume. 

The experimental determination of the critical data no longer 
presents any serious difficulty, other than that due to the instability 
of substances at the high temperatures freqtreutly necessary. 
The critical temperature is the most easily determined. The liquid 
is sealed up in a strong glass tube which it fills to about two-thirds 
of its capacity, and is^ heated slowly until a peculiar misty appear- 
ance indicates the critical state. This a23pearance is more easily 
recognised on cooling, and sharper results are obtained by frequent 
repetition of the exjieriment. 

Objection might be taken to this experiment on the ground that 
the exact critical temperature would not be obtained -unless the 
volume happened to be the critical volume. From Fig. 12 it is 
plain that a large change of volume has a small effect on the critical 
point, since tbe isothermals are here practically parallel to the volume 
. axis, 
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For the critical pressure, the liquid is enclosed in a long tube 
connected with a manometer and with a compresaer. The upper 
end of the tube is heated above the critical temperature, the pressure 
being Icept below the critical pressure j this produces an interface 
between the liquid and the vapour. On the pressure being increased, 
this interface disappears, and the pressure indicated by the man- 
ometer is the critical pressure. The method was jiroposed by 
Ostwald, and first made use of by Altschul (1892). 

The critical volume is more difficult to determine. As a rule, 
use is mijde of a law discovered by Mathias (1892). If the 
densities of the liquid and vapour are ploSted on a density tempera- 
ture diagram, there are two points for oacli temperature ; these lie 
nearer together the 
higher the tempera- 
ture, and at the critical 
point they coincide. 

They lie on a parabolic 
curve as shown in Fig. 

13 The means of the 
two densities at dif- 
ferent temperatures cL 
lie on a straight line 
m^mgrag. The two 
densities are 'deter- 
mined for a few tem- 
peratures in order to 
fix the direction of 
the middle line. The 
intersection of it and 
the ordinate at the critical temperature gives the critical density. 

The critical constants are known for only some hundreds of 
substances. The critical temperatures are pretty well distributed 
over the whole measurable region. They are usually about half 
as high again as *he boiling-point in absolute degrees at atmospheric 
pressure, but this is only an approximation. 

There is much less difference among the critical pressm-es, which 
vary between 30 and 80 atmospheres. They are almost the same 
for closely related substances. The critical volumes are approxi- 
mately proportional to tho volumes at the boiling-point. These two 
, generalisations are of some importance, and* will be made use of later. 

Supersaturation. — Liquefaction does not necessarily occur when 
a vapour is- compressed to the saturation point. Vapour can persist 
under higher pressures than the saturation pressure and retain the 
properties of a gas. 

The same is true for liquids. A liquid may persist at a pressure 
which is less than its vapour pressui-e at the particular temperature. 
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This cannot occur in the presence of the other phase; a 
vapour in contact with its liquid cannot be maintained at a pressure 
greater than the equilibrium iiressure, and a' liquid under a pressure 
below its vapour pressure is at once partially vaporised if a small 
bubble of vapour comes in contact with it. 

' The first jihenomenon can be observed if the air of a large bottle 
containing a little water is suddenly exhausted. If the bottle has 
been open recently, a cloud is produced, because the temperature is 
lowered by the expansion of the air, and so the satm’ation point of 
the water vapoui' is exceeded. Condensation to liquid takes place 
on the dust particles, whi^i act as "nuclei,” being saturated with 
moisture and so acting like drops of liquid. If the bottle has stood 
still over night, moderate expansions produces no mist, although the 
cooling is the same as before; the water vapour can thus have a 
greater density than water vapour in equilibrium' with liquid water. 
In this case the nuclei have either fallen to the bottom or have been 
deposited on the ivet walls of the bottle. Condensation does occur 
on the walls and also at the surface of the water ; but, owing to the 
slowness of diifuaion, supersaturation persists for a long time. 

The mist will appear in dust-free air too, if the degree of cooling 
is moderately large. 

“Over-beating” illustrates the fact that a liquid may be at a 
pressure far below the vapour pressure without the formation of 
vapour. Water can be heated 100° above its boihifg-point in care- 
fully cleaned vessels, and the mercury in, a well boiled-out barometer 


although its length may be a metre or 
more too high. But if the mercury 
has once fallen, with liberation of a 
very small quantity of gas, the experi- 
ment cannot be repeated until the 
bubbles have been expelled by boiling 
out again. 

The breaks in tie isothermals of 
Fig 12 do not represent the end of 
the liquid or of the gas state, for 
these states can exist far beyond 
these points, and as has been shown 
experimentally, are represented by • 
the prolongation of the isothermals.'* 

The form of the isothermals is"^ 


Rio. 14 indicated in Fig. 1 4. . Beginning 

iRith the gas state at a, it does not 
end at b, where the vapour pressure curve bd commences, but 
continues past b to some point Similarly the liquid isothermal 
does not end at d, the yapour pressure of ±he liquid, but it can be 
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observed in the direction dy in tbe region of lower jirossiu’cs. This 
led James Thomson (1872) to suggest that the isothermals are 
continuous below as well as above the critical 2 ioint and have the 
form abpeyde. 

The parts b^S and dy can be observed for some distance, but the 
portion /3oy is hypothetical, and, it can be predicted, will never be 
realised as a persistent state. While ay3 and ey represent really 
possible states, since the volumes diminish with rise of pressure, the 
change reducing the pressure, the contrary must occur in the portion 
/9cy Increase of pressure would increjise the volume, and ’the 
pressure would increase indefinitely, while decrease of pressure 
woidd diminish the volume, and again the change of pressure would 
proceed indefinitely. The states represented by jScy, would, if 
realisable at all, be labile in the mechanical sense, i.e. they would 
lose their equilibrium on the slightest disturbance, and inevitably 
pass into some other state. 

In contrast with this, ab and de represent stable states, which 
can return to their original condition, more or le^s, if they are 
disturbed. 

The states b^ and dy are also stable so far as changes of pressure 
and volume are concerned, jirovided that the labile region is avoided. 
They are, however, not stable when in contact with the other phase, 
but undergo fipite change along the curve dob. In view of their 
intermediate position these states may be termed metastable. 

These phenomena are by no means confined to the change from 
liquid to vapour, but as a rule occur in the transformation of two 
phases, and the equilibrium between them. Labile, metastable, iftid 
stable states will be frequently met with later ; and especially the 
transition from the stable to the metastable region, which is recog- 
nised by the characteristic of supersaturation, the sensibility of the 
.system to traces of tho other jibase. 

The Theory of van der Waals. — The theory elaborated by van 
dor Waals (1881), as a further development of the considerations 
stated on p. 4^, connects these and other facts in a remarkable 
manner. As mentioned there, in addition to the “incompressible 
volume,” there is another factor which affects the volume in such a 
way that at moderate pressures tbe volume is smaller than it should 
be according to Boyle’s law. Consideration of Pig. 11, ji. 49, shows 
that this occiu's to the greatest extent whofe the gas passes over into 
the liquid state. Van der Waals regards this as an effect of tho 
mutual attraction of the smallest particles, which leads under suitable 
conditions' to liquefaction. The facts may be expressed in this way : 
the internal energy of a gas is independent of the volume, if it is an 
ideal gas, but is not so if the gas is not ideal. The volume is not 
defined by the external pressure alone, hut is affected by an “ internal 
pressure ” which increases as the volume diminishes. The function 
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representing this effect has been deduced by van doi Waal a from 
considerations of a difficult and not undisputed nature. Without 
entering into its derivation, we may be content with the fact 
that the function represents the actual relations with a remarkable 
approach to accuracy. 

VanderWaals makes the internal pressure inversely proportional 
to the square of the volume, so that the pressme which actually 
corresponds to the volume of the gas is the sum of the external pres- 
sure p and the internal pressure a/v®. Taking into account the 
“ incompressible volume ” ,we have 


(p + ^2)(v-b) = ET. 

If the equation is multiplied out and arranged according to powers 
of V, we get 

\ P / P P 


It is now of the third degree with respect to v, and has, according 
to the values of the constants, either three real roots, or one real and 
two imaginary. That is, for every value of p and T there are either 
one or three corresponding volumes. The first caso evidently holds for 
the gaseous state at low pressures, and for the liquid state at high 
pressures, where a definite volume exists for every value of pressure 
and temperature. For temperatures at which the sub, stance can 
exist both as vapour and as liquid there are manifestly two volumes ; 
a third volume is not known. 

If wo now construct isothermals from a series of corresponding 
values of a and b in a co-ordinate system, we obtain emwes .of the 
same form as J. Thomson’s hypothetical curve in Fig. 14. The third 
volume is given by the point c, and the reason of its being unknown 
becomes clear, for it lies in the labile region and cannot be observed. 

The formula admits of a particularly satisfactory application in 
the case where the values of p and T are such that the three differ- 
ent volumes become the same. At the critical point the volume 
of the liquid becomes equal to that of the vapour, and as the third 
volume lies between them, it is therefore equal to them. 

The three roots of the equation have therefore become equal. 
Now the value (jy of the three equal roots of an equation of the form 

yS_qv2 + rv-s = 0 is given by 4‘-^, = 

We have thus 3<^ = b H- = -, and , and if we denote 

P _P P 

the special values which p and T assume in this case by tt and 6, we 
have 
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the critical volume 
the critical pressure 

the critical temperature 

These ecpiations are very remarkable. The magnitudes a and h, 
which were introduced as corrections into the gas equation, can be 
calculated from the curves on pp. 48, 49, so as to represent the varia- 
tions from tlie gas laws with sufficient approximation. Once they 
are got we can determine from them the 'critical constants, pressure, 
volume and temperature, without making a single direct experiment. 

A further remarkable conclusion has been deduced by van der 
AVaals. If in the equation 

we express the variables as fractions of their critical values, i.e. p = r?r, 
V = n<^, and T = m0, we have 

(i’ + |)(3n-l) = 8m. 

Everything^hns now disappeared from the equation which depends 
on the nature * of the particular substance, and the equation is a 
general relation like the ideal gas equation. The equation of state is 
the same for all substances if the pressure, temperature and volume 
are expressed as fractions of their critical constants. 

When this important conclusion is put to the teat, it is found to 
be a limiting law, similar to, but not so widely applicable as the 
equation for ideal gases. While the behaviour of many substances 
is represented with fair acciu-acy by the equation, the deviations 
cannot be ascribed to experimental error Tho "Law of Correspond- 
ing States ” is therefore to be regarded as a useful aid to generalisation, 
rather than as a*strict.law of nature. 

There are numerous apiplications of this law, for we are led to 
expect that any peculiarity of a liquid -gaseous substance will be 
found to exist in other substances under corresponding conditions. 
For instance, all vapour pressure curves should coincide if the 
pressures and temperatures are expressed^ as fractions of the critical 
values This would afford a solution of tho problem on p. 62 
regarding the mutual relation of the vapour pressure curves of 
different slibstances. 

If the formulm of Duhring and of Eamsay and Young are 
considered from this point of view, they do not satisfy the demands 
of van der Waals’ theory. The simplest formula, according to which 
the temperatures of equal vapour pressures of different substances 


^ = 3b, 

n-A JL,. 
27 Rb 
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are always in the same ratio, is in closer agreemeht with the theory. 
The theory requires that equal fractions of the critical pressure 
should correspond to equal fractions of the critical temperature ; it 
passes into the other equation if the substances compared have the 
same critical pressure. As the critical pressures in general are not 
far apart, the simple equation may be regarded as a proof of the 
approximate validity of van der Waals' equation. 

V an der Waals has shown that there really is a mutual relation- 
ship between the vapour pressure curves of different substances, as 
required by the equatioij. But later measurements have demon- 
strated that the agreemeifb between the theory and experiment is 
not exact ; and this is not surprising, for the initial equation is not 
itself'exact, but is, at best, a good second approximation. 

Heat of Vaporisation. — ^When a liquid is converted into vapour, 
there is, in addition to the volume change, a thermal change, a 
quantity of heat disappearing, the amount of which depends on 
the quantity of the liquid, on 'its nature, and on the temperature. 
As the same amount of heat is liberated when the vapour is again 
condensed into liquid, the old theory of heat assumed that in the 
former process the absorbed heat was still contained in the substance, 
but was not recognisable by the thermometer, t.e. was “ latent.” This 
unwarranted assumption is no longer made. The absorption of energy 
IS regarded as a necessary condition for the change, of state, eveyy 
state being characterised by the quantity of energy which is gained 
or lost when the substance passes into this state from any given initial 
state. 

The heat of vaporisation is usually determined by condensing 
the vapoui’ of known temperature in a vessel placed in a calorimeter, 
i.e a vessel containing a known weight of water, and measuring 
the rise of temperature by means of a delicate thermometer. The 
product of the weight of water and the rise of temperature (after 
the necessary corrections have been made) gives the number of 
calories evolved. The quantity of heat which the condensed liquid 
gives up on being cooled from the temperature of 'liquefaction (its 
boiling-point at the given pressure) to that of the calorimeter must 
also be subtracted ; this correction is found by performing a similar 
experiment with the heated liquid. 

The heat of vaporisation is generally referred to 1 g. of substance ; 
it is better to express them in terms of equal volumes of vapour or of 
the mol. The former is known as the specific heat of vaporisation, 
or simply as the heat of vaporisation, while the latter is the molar 
heat of vaporisation, and is the product of the specific heat of 
vaporisation and the molar weight. Molar heats of vaporisation 
alone are used in this book. 

The heat of vaporisation decreases at higher temperatures, and 
becomes zero at the critical point, where the difference between the 
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two fstatea vanishes, and the change from one to the other is eftected 
without any change of energy. Direct measurements of Mathias 
(1897) show that the values become smaller as the critical point is 
approached, i\nd by a small extrapolation become zero at this point 

The general law expressing this decrease is not known ; indeed, 
very few substances have been at all fully investigated.' 

The Second Law of Thermodynamics. — ^The properties of steam 
are made use of to change heat energy, produced by the combustion 
of coal, into mechanical energy, and this has formed the starting- 
point for the discovery of the general la’^rs governing such trans- 
formations. Some preliminary explanatidhs will make the matter 
more easily intelligible. 

While the First Law, that of the conservation of energy, must 
apply to every possible transformation, it gives no indication whether 
or to what extent this transformation can take place in any 
given instance. This the Second Law does. But before this is 
enunciated in its most general form, we may with advantage study 
certain important special cases. 

A. quantity of heat cannot always be converted into mechanical 
work ; it is impossible, for instance, in a space of uniform temperature, 
to cause the final disappearance of a given quantity of heat and the 
appearance of an equivalent quantity of some other form of energy 
in its place. Difference of temperature is necessary for such a 
change (Carnot, 1824), and it may be added at once that the amount 
transformed will be greater the greater the temperature difference is, 
and that at best only a fraction of the heat can be so transformed. 

It can also be shown that the maximum value of this fraction, 
which can be transformed into some other form {eg. mechanical 
work, which is the only one we shall consider at present), depends 
on the temperature only and not on the nature of the 
machine. 

This IS easily seen if we consider a machine for the transformation 
of heat into work, so perfectly constructed that the quantity of 
energy used up *n friction and similar causes is negligible. The 
driving pressure too must barely exceed the opposing pressure. 
This engine would be reversible, i.e. if it were run in the reverse 
way it would use work, and the quantities of heat taken up and 
given out during direct driving would now he given out and taken 
up at the corresponding temperatures. ■% 

A further precaution must he taken in using this ideal engine. 
As the internal energy of the material of the engine changes ivith 
the changes" of temperature and pressure, part of the heat or work 
might have arisen from it , it is therefore necessary to exclude this 
possibility by considering only processes in which the materials are 
brought back to their original condition, so that their energy content 
is the same as before. Such processes are called cycles and it must 
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always be borne in mind that these laws only apply to reversible 
cyclic processes. If the laws are to be applied, the process must 
be represented as part of a reversible cycle. 

If the engine absorbs the quantity of heat at the temperature 
Tj, and converts Q of it into worh, it will give up the remainder 
^2 = Qi “ Q flio lower temperature Tj If the engine is now 
reversed, the amount of work Q will be used up m absorbing the 
heat Qg at the temperature T,^, and this in addition to the heat 
transfomed from the work Q, that is + Q Q^, will bo given out 
at the higher temperaturp T^. 

Suppose another perfect or reversible engine, working between 
the same temperatures, hut different from the first in other respects. 
The quantities of heat may be distinguished by a dash The law 
to he proved is that Q/Qj = Q 7 Q\> t the ratio of the heat trans- 
formed to that taken up is the same for both, and is therefore 
independent of the kind of engine. 

If the ratios were not the same, the engine which transforms 
the greater fraction of the heat in work could be run directly, 
and the work from it could be used to run the other in the reverse 
direction The result would he that all the work delivered by the 
first engine would not be used in bringing the heat taken up by it, 
Qj, again to the temperature Tj ; an excess Q - would remain. 
This could be increased to any desired extent by repetition of the 
process. 

If the ratio wore greater in the second engine, then it would be 
worked directly, and the other reversely, with the same result as 
before. 

Since, according to onr assumption, the heat taken up at the 
higher temperatiu-e by the one engine is supplied in equal amount 
by the other engine, = Q/, and ^ - Q = Q^' - Q'. Since the work 
required to drive the second engine is supposed to be smaller than that 
supplied by the first one, Q' as<Q, and Q.2'<,Q2. In other words, 
any desired amount of heat wifi, be changed into work at the lower 
temperature of the engines. " 

Now experience shows that such a transformation is 
an impossibility. Then the above inequalities, too, must be 
impossible, and the equation Q/Qi = Q 7 Qi' must be true. 

This experience is of the same general nature as the law of 
the Conservation of Energy, and is for this reason known as the 
Second Law. There are many ways of fomulatiiig it; from the 
present point of view it may he stated that stationary energy 
is not spontaneously set in motion or changed into other forms. 

Perpetual Motion of the Second Kind.— The impossibility of a 
perpetuum mobile in the shape of an engine which turns out energy 
without other expenditure is a simple statement of the first law. 
But the idea of a perpetuum mobile, i.e. performance of work with- 
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out expense, can be realised without necessarily breaking tins law. 
The work which the gigantic engines of an ocean liner produces is 
completely changed into heat again, for even the kinetic energy of the 
vessel IS reduced to zero at the end of the voyage, and has been trans- 
formed into heat. If the heat thus communicated to the water could 
be retransformed into kinetic energy, the steamer could perform 
its return journey without using any coal, which of course is not 
practicable. Speaking generally, a small fraction of the energy 
contained in the ocean in the form of heat would suffice to drive 
all the engines in the world. This would be as much a perpetuum 
mobile as the other, although no energy ’ivould bo created out of 
nothing ; for if the same quantity of energy could he employed again 
and again for the same transformation, the technical problem of 
the production of work without expense would be solved. This 
impossibility may be stated as follows: a perpetuum mobile of 
the second kind is impossible. By a perpetuum mobile of the 
second kind is meant a machine which can set stationary energy 
into motion or change it into other forms of energy. A 
perpetuum mobile of the first kind, on the other hand, would be an 
engine for the manufacture of energy 

The idea of stationary energy requires further elucidation, but 
this will be deferred until the other forms of energy are under 
consideration. For the joresent it may bo said that this condition 
may be recognised by the fact that other states of energy pass 
spontaneously into this state 

The Temperature Function. — The fraction of heat transformable 
into work in a reversible cycle between the temperatures Tj and T^ 
is a function of the temperature alone, being independent of the 
nature of the engine. This accounts for the wide range of applica- 
tion of the second law, which is still further increased by the fact 
that similar laws hold for the other transformations of energy, in 
which heat takes no part. By the aid of this law, we can at once 
obtain definite relations between the quantities concerned in any 
transformation, aJld can thus arrive at a separate natural law in 
each case. 

The temperature function which governs the transformation of 
heat into mechanical work, can be derived by calculating any 
reversible cycle of operations; we may as well choose one whose 
foundation is well known. Carnot’s cycle^(1824) of a perfect gas 
will serve the purpose. 

We allow one mol of a gas (e.ff. 32 g of oxygen) to perform 
the following cycle, which is represented graphically in Fig. 16. 

Let the gas at first have the pressure pj and the volume v^ at 
the temperature Tj^. We allow it to expand a little, the temperature 
remaining constant ; it is necessary for this purpose that a quantity 
of heat Qj corresponding to the work should be communicated to it. 
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Pressure and volume are then and v^. Next let us remove the 
source of heat and allow the gas to expand further. Here again 
it performs work, but receiving no heat from external sources, it 
must expend its own heat and therefore grow colder: let the tem- 
perature it reaches bo T.^, the pressure and volume being pg and v^. 
We now compress the gas. Work is required for this; let us 
remove the heat as it is produced so 
that the temperature Tj is retained, the 
i pressure and volume, however, becoming 

K ^ p^ and v^. Finally, let US' isolate the 

\ * gas and compreSs it further. The heat 

p V V produced remains in the gas and raises 

^ its temperature, and the last part of the 

I process is so arranged that when the gas 

— Sp — jT — * reaches the initial temperature Tj it shall 

15, also havetheinitialpressureand volume pj 

and Vj — an arrangement always possible. 

The work done by the gas in this cycle is represented by the 
curvilinear quadrilateral 1 2 3 4. This work, namely, is always the 
product of pressure and change of volume of the gas, so that the 
surface a 1 3 jB represents the work for the passage from 1 to 2, it 
being always decomposable into as many small strips as we please, 
whose height is the pressure and whose breadth ;s the very small 
change of volume. In the same way jS 2 3 y is numerically equal 
to the work from 2 to 3 ; from 3 to 4 we have the work 8 4 3 y ; 
and from 4 to 1, lastly, a 1 4 8. If the sum of the two last is sub- 
tracted from the sum of the two first, the quadrilateral 12 3 4 
remains as the measure of the work done in the whole cycle. 

Now the work which a gas can perform by expanding from the 
volume Vj to the volume v^, the temperature Tj remaining constant, 
is given (p. 40), hy ETjlg (Vg/v^) E being the gas-constant and Ig 
the natiu'al logarithm. Consequently the heat to be communi- 
cated in this part of the cycle is equal to ET^lg (vj/vj), the gas 
requiring no heat for mere change of volume. Riom 2 to 3 no 
heat is taken up according to our assumption. The gas on being 
compressed from 3 to 4, gives up a quantity of heat Qj, specified 
by a similar formula, Q2 = ET2lg (vg/rj. Between 4 and 1 again 
no beat enters or leaves the substance. 

Consequently the ratio of the heat taken up, to the heat 
given out, Qj, is 

Qi-TilgilAi) 

Qs T^lg (Vg/yj 


It can be proved that Vj/Vg = v^/Vg. For the processes 2, 3, and 
4, 1, a formula developed by Poisson holds good, as heat neither 
enters nor leaves the system : 
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In this equation k = Ci,/C„ te. to the ratio of tho specific heat 
at constant pressure to the specific heat at constant volume. 
Now pv = E,T, and in partioular p2Vg = ETj and p3Vg = ET3. Thus 
p V T p V T 

— = and similarly J By substituting these values in 

P2 ^8 ■*■ 1 ) Pi •‘-1 

the equations we get after a slight transformation 



- = or = -*. 


Ill this way the ratio of the two quantities of heat comes to be 


The amounts of heat entering and leaving tho working 
system in this cycle are therefore in the ratio of the 
absolute temperatures at which they enter and leave. 

By simple transformations we may bring the last equation into 
the following forms . — 

Qi-Qs _ QriQi _ Tril, 


Now iQ = - Q3 is the heat transformed into work ; consequently 

tho heat transformed into work is to tho total communi- 
cated heat as the difference of the temperatiires between 
which tho process takes place is to tho absolute temperature 
of the communication j and in the same way the transformed 
heat is to the heat leaving 'the system as the difference of tempera- 
ture is to the teuiperature^at which the heat leaves. 

If only small differences of temperature are considered, the work 
.which a quantity of heat can perform in a reversible cycle is in- 
^ versely proportional to the absolute temperature at which the 
.^transIpTmation takes place. 

Were it possible to reach the absolute zero of temperature, 


Q - 0 T - T 

in the equation - — ~ would assume the value 0, and tho 


right-hand side would become equal to unity. From this it follows 
that Q2 = 0, ie. if the lower temperature could be made tho 
absolute zero, all the heat communicated would be trans- 
formed into work. 
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The quantity may be termed the economic coefficient. 

As the reversible cycle above described is the most perfect imaginable, 
it follows that the economic coefficient or the efficiency of an engine 
T -To 

can never be greater than-A_ — ^ steam-engine, for example, 


working with steam at 150° 0. and a condenser at 17° 0. can at most 
transform only o*-‘ scarcely a thwd of .the heat it 

receives into work. In practice the result is much less favourable. 

With the same final temperature we get greater efficiency as 
the initial temperature rises. Between 1000° 0. and 0° 0. a perfect 
engine would transform as much as '786 or nearly four-fifths of the 
heat into work. 

The Vapoui- Pressure Formula. — The principle that the trans- 
formable heat is inversely proportional to the absolute temperatm’e 
has numerous important applications. 

With the help of the principle we arrive at a very important 
relation respecting the vaporisation of liquids. Let us consider 
a liquid whose volume is v^ 
and which is under the pres- 
sure py cqudl to the pressure 

2^ yi of its vapour ; let the temper- 

I * ature be T. If we raise the 

temperature by a very little, 
say from T to T-fdT, the 
pressure increases by dp. 
Suppose the liquid to pass 
entirely into vapour. For 
this purpose we must com- 
municate to it W units of 
heat, beingf the molar heat 
of vaporisation. The pressure during this time remams constant, 
and the volume increases very eonsiderably ; this increase, or the 
volume of the vapom- minus that of the liquid, we shall call u. 
Let now the vapour be again cooled through dT, and, at the tempera- 
ture T, and the corresponding pressure p, be condensed to liquid 
until It returns finally to its initial state. The graphic representa- 
tion of this cycle is given in Fig. 16, where the work obtained is 
represented by the quadrilateral 12 3 4. 

The equation - Q,j, _ T^-T^ 

Qi “ Tj 

holds good, and Qj - Qj being the heat transformed is equal to the 
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work represented by the quadrilateral 1 2 3 4. The area of this 
is equal to the product of the line 1 4, representing the difference 
of volume u on vaporisation, into the height, which is the increase 
of pressure dp , consequently Qj - = ndp. The communicated 
heat Q is the latent heat w of the vapour. For Tj^ - Tg we substi- 
tute dT the difference of temperature of the tivo operations of the 
cycle, and therefore obtain 

udp _ dT 
W " T ■ 

The equation is usually written in the form 

W = Tu§, 

clT 

or ilP _ W 

dT"Tu' 

its moaning is as follows. 

If the temperature is changed hy the small amount dT, the 
vapour pressure p is changed by the amount dp. If dd in Fig. 17 
represents the vapour pressure 
curve, a certain increase of tempera- 
ture dT = ab is accompanied by a 
corresponding increase of pressure 
dp = fe. This ratio fe/cf = dp/dT 
is, according to the equation, 
directly proportional to the heat 
of vaporisation, and inversely pro- 
portional to the volume of the 
vapour ; the third value can bo 
calculated if any two of them are 
known. Thus there is no need to 
determine the heat of vaporisation 
if the vapour pressure curve and the density of the saturated vapour 
are known. 

The equation assumes a very useful form of the gas laws can be 
held to apply to the vapour. If the volume of one mol of the vapour 
is substituted for u, we have u = RT/p and 
dp/dT = pW/RTk 

In this form the equation has been extensiijply applied, and is valid 
for many other relations than the simple case of the vapour pressure 
of a liquid. Higher mathematics show that this equation is the 
same as the 'following : 

dlgp/dT = AV/RT2. 

By way of illustration we may calculate hy means of it the 
heat of vaporisation of water at 20“ 0, at which temperature the 
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gas laws apiily to water vapour with sufficient accuracy. In W = 
ETMp/pdT, E = 8-41 x 10'^, T = 273 + 20. The vapour pressure ^ of 
water is 16'319 cm. mercury at 19°, 17'363 cm. at 20°, and 18’466 cm 
at 21°; dp = 2-147 between the temperatures 19° and 21°, dT = 2, 
and p = 17-363 is to be taken for the mean temperature 20°. The 
equation is 

W=8-41 X lO^'x 2933 X 2-147/17-363 x 2 = 44-7 x 10“ =44-7 kj. 

Direct measurements gave 44-4 to 45 0 kj. 

Although the equation enables us to caleulate the heat of 
vaporisation from the iiicrease of pressure with temperature, it is 
not possible to calculate the actual pressure from the heat of 
vaporisation, but only its relative inerease with temperature. 

The Thermodynamic Temperature Scale. — In conclusion, it may 
be pointed out that the equation Q1/Q2 = Tj/T^ affords us the means' 
of making an absolute scale of temperature, which is inde- 
pendent of the particular properties of any single substance. 
The equation was deduced on the assumption of the existence of an 
ideal gas, which follow's the gas law pv = ET. By determining the 
extent of the deviations of a real gas from the ideal law, we can 
ascertain how far temperatures measured by the expansion of a gas 
diverge from the thermodynamically calculated temperatures. It 
has been found that temperatures measured by means of gases like 
hydrogen and helium, which diverge very little fi’om an ideal gas, 
are very close to the theoretical temperatures. 

Surface Tension. — The surface which liquids expose to “free” 
space, i.e. apace filled with their own vapours, is of a different 
character from the interior owing to the effects of surface energy. 
"Whereas every particle has freedom of motion in the interior, a 
particle lying ,at the surface can only move in the direction of the 
liquid ; considerable forces oppose its motion out of. the liquid. In 
the interior of the liquid every particle is equally attracted on all 
sides, and can therefore move as if no force acted upon it. But if it 
lies on the surface, the action of the adjacent particies has a resultant 
at right angles to the surface. 

The force brought about in this fashion is very great. It can be 
measured in the way indicated by Stefan (1886) If we imagine a 
particle moving from the interior of a liquid towards the surface, 
half the molecular attraction must be overcome before the surface is 
reached, as we at once s^e from Big. 18. If now the particle pursue 
its course further into the space above the liquid, it gets finally, 
altogether out of the sphere of attraction of the latter, M. becomes a 
particle of vapour. To bring a 'liquid particle into the 

1 Till! pressures aie lint given in nlisolute nnita, Iiecimse they appear in both 
numerator and denominator, so that the factor disappears and the fonnnla is independent 
of the unit of pressnie. 
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surface requires therefore half the work necessary to trans- 
form it into vapour. But this work is known j it is the heat of 
vaporisation of the 
liquid. 

To arrive at a con- 
ception of the magni- 
tude of the forces here 
in play wo may make 
an approximate calcula- 
tion. If V is the volume 
of 1 mol o‘f the liquid, 

W its heat of vaporisa- 

tion, pg the (unknown) 

surface pressure within jg 

the liquid, the '‘internal 

pressure,” and p^ the vapour pressure, the work necessary to bring 
the particles into the surface is (pg - pi)v, if v may be taken as 
constant for a first approximation. We have consequently, accord- 
ing to the above, 

(P2-P>=^''" 




For ether at its boiling-point, for example, v = 107 4, Pi=l atm. 
W= 26 6 kj. = 26’6 X 10^® erg; if we divide simultaneously by 
rOlSxlO® to get the pressure in atmospheres it follows, since 
Pi = 1, that the surface pressure pg = 1284 atm. 

As we see, we have here to do with very large pressures in 
the interior of the liquid. Of course they are not experienced by 
immersed bodies, because a liquid surface is formed on these also, 
the pressure being directed away from the body into the liquid. 

A small fraction of such pressm-es acts in the surface of the liquid. [ 
For, if the surface of the liquid be increased, wo must bring a certaim 
number of internal particles into the superficial layer, and so porformi 
work. Conversely, there will always be in a liquid the tendency for ') 
as many molecules as possible to pass into the interior of the liquid ‘ 
consequent on the molecular attraction, whereby the surface is ; 
lessened. The surfaces of liquids behave, therefore, as if; 
under the action of a contractile force within them, which; 
strives to reduce them to the smallest possible area. 

This conception of the phenomena, ded*jced from the forces just 
considered as consequences of a surface tension of liquids, is due to 
Young (1804), and has proved extremely serviceable. We can, with- 
out having to overcome any other than mathematical difficulties, 
deduce theoretically all the corresponding phenomena, usually 
called capillary, from the principle that liquids strive to form the 
smallest surface compatible with the given conditions. The difficulties 
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of calculation are, however, even in apparently simple cases, of more 
than ordinary magnitude 

In considering these phenomena, we must remember that work, 
i.e. energy, must be applied in the formation of a given extent of 
surface. The amount is proportional to the area, and the surface 
tension is got by dividing the work by the area. 

To convey some idea of the numerical value of surface tension,, it 
may be stated that the value for water at 0°, which is one of the 
largest known, is 77 in absolute units, or 77 ergs are used up in 
developing 1 sq.cm, of water surface. 

Methods of Measurdinent — To measure the surface tension we 
almost always make use of solid walls which are wetted by the 
liquid, ie. walls on which a layer of 
the liquid will spread. If (Fig. 1 9) such 
a wall be dipped perpendicularly into 
the liquid, the whole surface abc will 
strive to become less and will assume, 
the form a,/3c A state of equilibrium 
will bo reached when the weight P of 
the liquid raised along the wall is equal 
to the product of tho surface tension c 
and the length of the line of contract 1. 
From P = cl we get c = P/1, or in absolute 
units, if g IS the force'of gravity acting 
on 1 g (about 980 dynes) : 

cg = r = Pg/i' 

If the wall has a cylindrical form, i.e. if we have to do with a 
tube, 1 is in this case equal to 2irr if the circular section has the 
radius r, and the elevating force will be 2irry The weight raised is, 
on the other hand, Pg = 7rr%sg, h being the height, tti’^ the section 
(7rr% consequently the volume), and s the specific gravity of the 
column of liquid. It follows that 27rry = irr%sg or y = Jhrsg and 

h = The capillary height is therefore inversefy proportional to 

the diameter of the tube, and the surface-tension is equal to half the 
product of the height, the radius of the tube, the specific gravity of 
the liquid, and the constant of gravity. 

Another method of measuring surface tension consists in 
determining the weight Qif the drops of liquid supported by a 'given 
circumference. If P is the weight of the largest drop that can hang 
from a horizontal plane surface of circular form, and. having' the 

radius r, then P = 2irry and y=^-— . The difSculty of the method 

lies in the drop not separating as a whole from the surface when it falls 
off, but always leaving a more or less considerable portion behind. 






Anotiier metliocl, in principle the samV”is to bring a disc of 
known size into contact with the Inpiid and then deterruino the 
weight necessary jnst to separate tho disc from the liquid. Here 
again we liave the equation P = 27riy, where 2irr is the circnmferonce 
of the disc, supposed circular. 

It is assumed in all these calculations that the solid can lie to this 


e.^t6nt considered a part of the liquid, that it is in the neighbour- 
hood of the line of contact completely overspread with the liquid, 
the latter meeting it with continuous curvature. It was first shown 
by Gauss that the liquid could also meet tlje solid at a finite angle a 
The force then exercised by the surface "tension is smaller and, as 
a simple geometrical consideration shows, equal to y cos a, where a 
is the angle between the normal to the solid and that to tho last 
particle of liquid at the line of contact. If the liquid wets the solid 
wall this angle seems always to vanish, but measurements of its exact 
size are difficult to make. 


The Temperature Effect. — The surface tension y depends on the 
nature and on the temjierature of the liquid. It is very nearly 
proportional to the temperature, so that in general the surface, 
tension y at tho temperature t can be given by an expression of the 
form y = y|,(l - at) According to this equation there must be a 
temperature at which yt = 0. Frankenheim (1841) pointed out that 
this temperatur.e probably coincided with the critical point, 
(p 64); for at the critical temperature, when liquid and vapour 
become identical, there can be no surface tension between them. It 
has been found that the critical temperature can be calculated 
with considerable accuracy, if the surface tension is determined 
at two different temperatures, and by linear extrapolation the 
temperature found at which the surface tension becomes zero. 

The Thickness of the Surface Layer. — Further consideration of 
surface tension leads to the following conclusion regarding tho general 
theory of liquids. The work required for the production of 1 sq. 
cm. of surface on water is 77 erg (p. 82). Now a definite quantity 
of water will not' give an unlimited area of surface, or an unlimited 
quantity of energy would bo associated with a finite quantity of 
matter which is not possible. The maximum quantity of energy 
which can be imparted to the liquid as surface energy is, according 
to tho views expressed on p 81, half the heat of vaporisation. 
For 1 g, of water this amounts to 3'6 kj. or %'5 >. 10^® erg. Then 1 g. 
of water will cover at most 16 <10'^ sq cm. of surface and the 
thickness of the layer will be 0‘6 x 10~® cm. 


A further conclusion to be drawn from this is that the properties 
of substances are not the same when the dimensions of the particles 
fall below about 10'® cm 


Negative Surface Tension. — Finally, the question may be 
discussed whether the tacit assumption that surface tension always 
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tends to diminish, the surface, is justified, or if there are not surface 
tensions which have the contrary effect and cause the surface to 
increase. Such tensions are known, and occur in the case of 
mutually soluble liquids. 

At low temperatures there is a suifface tension of the ordinary 
kind between two immiscible liquids ; such as phenol and water ; 
at higher temperatures this tension becomes smaller (while at the 
same time the mutual solubility of the liquids increases) and at last 
becomes zero. At this point the two liquids are miscible in all pro- 
portions. Liquids which are soluble in each other in all proportions 
may thus be supposed tO have a negative surface tension. When 
two such liquids are brought together, the common surface strives to 
attain the maximum value, and this occurs when the two liquids 
have completely mixed. Here we have a connexion between the 
phenomena of solution and of surface tension. 

The Vapour Pressures of Curved Surfaces. — Surface tension has 
an effect on the vapour pressure of liquids, though, on account of 
the smallness of surface energy, it only comes into play if the 
relative surface is very large, as in small drops. The vapour pressure 
of a convex surface is increased, so that the vapour pressure of a 
liquid at constant temjierature is greater the smaller the drop is. 
The converse holds for concave surfaces. 

The existence of this effect can easily be proved j for the total 
surface of two spheres is greater than the surface of one sphere 
which contains the same amount of substance, and therefore has the 
same volume. Now surface tension tends to diminish the total 
surface to a minimum, and therefore tends to cause two neighbouring 
drops to unite to form one drop. Consideration of the relative 
changes in surface brought about by transferring liquid from one 
drop to the other shows us that a large drop will increase at the 
expense of a smaller one ; as the drops may be changed in size by a 
process of distillation, distillation from the smaller to the larger 
drops must occur iii such a case. The vapour pressui'e of drops 
must therefore vary with the size of the drop. * 

These differences can easily be demonstrated experimentally if a 
(nob too) volatile liquid is enclosed in an evacuated tube, and a 
group of drops is produced on the dry wall. After a time it will be 
noticed that the drops which happened to be larger than the others, 
are surrounded by a dyy patch, the adjacent smaller drops having 
distilled over to their larger neighbours. Sulphur is a very suitable 
substance for this experiment, as it usually separates from the vapour 
in liquid form. 

In order to calculate the difference of vapour prcssiu’e, we may 
imagine a capillary tube placed in a vessel containing the liqiud. 
The liquid will rise to a height h = 2y/rs (p. 82). Since the system 
is in equilibrium, the vapour pressure at the meniscus at the upper 
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surface of the liquid will be equal to the vapour 2ire3sui’c at the 
lower plane surface loss the hydrostatic pressure of the column of 
vapour between the two surfaces. The latter is equal to the j^roduct 
of the (absolute) density of the vapour, D, and of the height h. 
The diminution of the vapour pressure at the meniscus dp is thus 
equal to Dh, or, substituting the above value of h, dp = 2Dy/rs. It 
is jiroportional to the surface tension -y, and to the ratio D/d of the 
densities of the vapour and liquid ; and inversely proportional to the 
radius of the tube, or to the radius of the limiting spherical surface. 

The surface in this case is concave, and causes a diminution of 
the vapour pressure. The surfaces of drops are convex, and the 
vapour pressure is increased. The corresponding experiment would 
be to have a liquid which does not wet the walls in a tube with a 
short narrow limb and a tall wide one. 

Internal Friction or Viscosity. — ^We have hitherto treated liquids 
as bodies that assume any form. This is, in fact, the case, but a 
certain amount of work is required to effect a change in their form, 
and this is measured by their internal friction. It is, to be sure, in 
general very small, still the values are within the range of easy 
measurement, no ideal liquids without viscosity are known, even 
gases have a very small but definite viscosity. But there exist some 
liquids with large values for the internal friction. The greater these 
values become, the more do the liquids apiiroach the solid state, and 
there is a continuous passage from substances like warm ether, 
which is excessively mobile, to those like cobbler’s wax and glass, 
which behave in most respects like solids. 

Internal friction occurs whenever a liquid moves so as to change 
its form, i.e. when the particles of the liquid change their relative 
positions. The coefficient of internal friction i; is equal to the woik 
required to move two surfaces 1 sq.cm, m size parallel to one 
another so far in one second as their distance from each other 
amounts to. For ordinary liquids the value of 1/ is very small, e.g. 
for water at medium temperatures it is not more than ‘Oil (c. g, a.) 
in absolute units.* 

The internal friction of liquids is best determined by allowing 
them to run out of cylindrical tubes. For this case we have the 

formula ?? = where p is the iiressure, r the radius of the tube, 1 
81v 

its length, and v the volume of the liquid th^t fiows out in unit time , 
TT is the number 3 '14 16. . . . Higher mathematics is required to 
obtain this formula, so that here we simply state it. 

The relations contained in the formula n = that the eifiuent 
' 81v 

volume of liquid is proportional to the pressure and to the fourth 
power of the radius, were found empirically by Hagen (1839) and 
Poiseuille (1843). This harmony of theory and practice confirms 
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the assumptions made in developing the former ; namely, that the 
internal friction is proportional to the size of the moving surface, 
and to its relative speed. 

The formula given above is, strictly speaking, only applicable 
to the case in which all the work done by the pressure serves to 
overcome the friction. This never actually happens, as the liquid 
always leaves the tube with a finite velocity, consequently with some 
kinetic energy. If R is the part of the work used up by friction, it, 
plus the kinetic energy with which the liquid leaves the tube, must 
be equal to the total work. For the volume V of the liquid entering 
the tube at a pressure P, *15116 work has the value PV, and therefore 
PV = E + L, L being the kinetic energy. This now is equal to half 
the product of the mass Vs (s = specific gravity) and the square of 
V 

the velocity, which is equal to — , whore t is the time and q the 
cross section We therefore get 


PV = R 


V% 

2tV 


A correction must still be applied to the numerical factor of this 
formula. It was calculated on the assumption that all parts of the 
flowing liquid have the same velocity. But this is not correct j the 
flow is faster in the middle, slower at the sides. VTien this difference 
is taken into account, a process requiring higher mathematics, the 
result is that instead of the factor 2 in the denominator we must 
put v^2 = l‘260; the formula remains otherwise unchanged, and as 
E is proportional to the coefficient rj, we have 


b ’I (ai««vea) (l i. 26 PtY)’ 

The value of the coefficient of friction deduced from the dimensions 
of the tube must thus be diminished in proportion to the second 
member within the brackets. As this member is proportional to 
the square of the velocity, it is best to diminish the speed of outflow 
as much as possible by uyjng long tubes and small pressures. 

As the determination of absolute values for internal friction is 
very troublesome on account of the difficulty in procuring and 
measuring perfectly cylindrical capillaries, we usually remain 
satisfied with relative values by taking the internal friction of 
water at 0“, or at the temperature of experiment, as standard ; it is 
generally made equal to 1 or to 100. This mode of procedui’e has 
the great advantage that the constant of the apparatus can be 
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measurements themselves, whereas individual 
absolute measurements are affected with much 
larger errors. It is left to the further progress 
of science to ascertain with equal accuracy the 
absolute value of the unit chosen. 

The apparatus sketched in Fig. 20 has proved 
to be the most convenient form for relative 
determinations. The essential part of the ap- 
paratus consists of a tube ab, the upper part of 
which is a few millimetres in width, with a con- 
striction at c whore it passes into a bulb k ; 
below this is a capillary tube db which terminates 
in the wider tube be. A measured volume of 
liquid is introduced at f, and the time is found 
which the surface of the liquid takes to pass from 
a mark above the bulb to one below it. If t is 
the time for a liquid of density s, and r that for 
water of density it, the relative viscosity p = st/irr, 


the pressure in the two oases being as s : tr. 
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SOLIDS 

Energy of Form. — Mectanical energy communicated to a liquid or 
gas may take the form of kinetic energy or of change of volume. 
On restoring the system to its original volume, the energy is again 
given out ; the only difference between the two states is that with 
gases this can happen at every volume, but with liquids there is at 
each temperature a definite volume ivhich the liquid assumes when 
the external pressure is zero. 

Solids are similar to liquids in respect to volume energy , they 
may be compressed, but at zero pressure they have a finite volume. 
They possess, however, another property which is •characteristic of 
the solid state. Work is required to effect mere change of form 
without any change of volume, and this work is regained when the 
body returns to its original form. 

Elasticity is the name given to this energy of form. In 
consequence of it, a solid retains its form so long as it is not changed 
by the appropriate expenditure of work, and it returns to its original 
form when the deforming impulse is withdrawn. A sensible degree 
of elasticity is the criterion of the solid state. 

The property of elasticity may to some extent be masked by 
another property of solids. All solids have some^jif the properties 
of liquids, i.e. their particles can change their relative positions. 
Work is necessary for this, but it is not regained when the body is 
released from the impulse, for it has been used up by conversion 
into heat. This fluidity of solids is known as imperfect elasticity ; 
it is better not to use this expression, since the property is the very 
opposite of elasticity. K is, in fact, a viscosity effect. 

There is thus a continuous transition from the ordinary liquid 
state to the solid state; at least there is in the case of some 
substances. Molten glass at high temperatures is a liquid. On 
cooling, the viscosity of the glass increases ; at the same time, the 
property of elasticity, which is hardly recognisable in ordinary 
liquids, makes its appearance more and more, and finally becomes 
the predominating cLaracter. But glass still retains at ordinary 
88 
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temperatave some trace of liquid properties, as la shown by the 
well-known fact that glass tubes placed horizontally and supported 
only at the ends, gradually sag under the influence of gravity, and 
become bent. Newly made thermometers, the bulbs of which are 
evacuated, show the same property; and in consequence the zero 
point slowly rises, the mercury bulb slowly contracting under the 
influence of the pressure of the atmosphere 

Crystals. — Solids can be divided into two sharply differentiated 
grohps, the amorphous and the crystalline. Substances in each 
group possess elasticity, but with this difference. Amorphous 
substances have only one coefficient of elasticity ; a circular cylinder 
of amorphous material is deformed to an equal extent in whatever 
direction the pressure may he applied, nor does it make any 
difference in what direction the cylinder may have been cut out 
of a larger piece. A crystalline solid has several coefficients of 
.elasticity, if a circular cylinder is cut out of a crystalline solid, the 
deformation varies with the plane in which the pressure is applied, 
and the number of planes which give the same effect is limited. 
The cylinder also has different elasticity according to the way it 
has been cut out of a larger piece. Cylinders only behave in the 
same way when they have boon cut parallel to one another ; further, 
the number of directions, except the parallel ones, which give 
identical oylindevs is finite. 

The elasticity of amorphous solids depends only on the nature 
of the substance and on the temperature, whereas in crystals there 
are, in addition, space differences. 

It is, of course, assumed that we are hero dealing only with 
uniform substances, in which similarly placed particles have the same 
properties. Discontinuity of specific properties is expressly excluded. 

Crystal Form. — It has already been stated that solids are often 
so built up that their particles are arranged according to some 
definite law. This regular arrangement is seen wherever direction 
comes into question , for example in external form, elasticity, optical 
properties, thernial conductivity, and the like. While these 
properties have equal values in all directions in amorphous bodies, 
such as glass, they are only equal in parallel directions in crystals, 
as we call such bodies with regular structure; in other directions 
they are in general different. 

Of the properties here in question tli^ external form was the 
first to be noticed and investigated. Nicolas Steno (1669) dis- 
covered the_ law that while in different crystals of the same substance 
the form and size of the faces may alter in any way, the angles 
between the faces remain always the same 

Another regularity among the different faces of a crystal was 
found by Hatty (1781), who stated it as follows; — ^If we imagine, 
land this is always possible, that the simplest forms of a crystal 
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are builfc up of prismatic elements with definite angles and 
proportions *of the edges, then we can with similar prismatic 
elements construct all other forms occurring on the crystal, so that 
the surfaces drawn through the corresponding corners of the 
elementary prisms represent the faces of the crystal. 

Crystallography raeeivod its present form from Weiss (1809), 
who introduced the idea of referring the different crystalline forms 
to definite systems of axes. The following laws on this method 
of representation correspond to the two just mentioned. Firstly, 
every substance has a system of axes whose angles and relative 
lengths have definite values; and, secondly, the different faces 
occurring on the crystal, when moved parallel to themselves to cut 
one axis m a given point, cut the other axes so that the segments 
of any of these stand in simple rational proportions to each other. 

To these two laws must be added a third, — the law of 
symmetry, the recognition of which is also partially due to Hauy, 
It was enunciated in its complete form by Hessel (1830), but 
remained unnoticed for many years. It first gained general 
recognition in recent times, after it had been rediscovered by several 
inve.stigators working in different ways. 

I The law of symmetry is to the effect that in crystals the 
[directions in which the properties are identical, are arranged in 
[regular order, so that superposition can be effected in n different 
'ways, 11 being a finite number. 

A wheel with six spokes is, in the course of one revolution round 
its axle, brought into superposition with itself six times. If the 
two sides are of the same shape, a rotation of 180° through each 
diameter will also bring about superposition. In contrast with this, 
the right and left hands can only be superposed after reflexion in 
a mirror. 

The problem we encounter on attempting to bring all possible 
kinds of crystals within the compass of the general properties just 
enumerated, is this. In how many essentially different ways can 
directions in space be symmetrically arranged ? * 

There are in all three possible ways in which superposition can 
be effected ; reflexion in a plane, rotation on an axis, and 
rotatory reflexion, i.e. a movement consisting in rotation round an 
axis followed by reflexion in a plane normal to this axis. All other 
conceivable combinations of rotation and reflexion can be resolved 
into the operations alreai^ mentioned. 

The sim 2 ilest kind of symmetry is reflexion. It occurs when 
each point of the first position is related to a point of the second 
position in such a way that they are situated on the same normal 
to a given plane, and are equi-distant from the plane. The plane is 
called the plane of symmetry. 

Eotation implies an axis of symmetry, ie a straight line 
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round which the system can rotate in such a manner that it comes 
into superposition with itsolf Since, in the case of crystals, the 
condition must he satisfied that the number of these rotations is 
finite, the angle of each rotation must be a rational fraction of 360°. 
These fractions can only be 1/2, 1/3, 1/4, and 1/6, for the other fractions 
would infringe the law of rational indices. The axis of symmetry 
must accordingly be two-, three-, four-, or sixfold ; in other words, 
the system will be brought into superposition two, three, four, or 
SIX times during one complete revolution round the axis. 

Having seen the jilane of symmetry and the axis of symmetry to 
be the characteristics of the first and second* kinds of symmetry, one 
might be inclined to regard the centre of symmetry as characteristic 
of the third kind, rotatory reflexion. It is, however, the narrower 
conception of the two ; hence all the relations given by a centre of 
symmetry can be obtained from considerations of rotatory reflexion, 
while the converse is not true. 

Eotatory reflexion can only occur with two-, four-, or six- 
fold axes ; in the case of threefold axes two conijilete revolutions are 
/ required to reach the original position, the result being identical 
with that of a sixfold axis. 

Crystal Symmetry. — By means of these eight elements of 
symmetry — reflexion, two-, three-, four-, and sixfold axes of 
symmetry, and, two-, four-, and sixfold rotatory reflexion — the 
symmetry properties of all crystals can be represented. On 
combining these elements it is sOon found that the number is not 
very great, because it is impossible to unite every element with 
every other one, some being mutually exclusive, and others leading 
to combinations already obtained. The total number of all possible 
kinds of crystals is thirty-one, or, taking into account the case in 
which no symmetry is present, thirty-two. 

We now give a short r6sum6 of these thirty-two classes, without 
formally deducing them.^ 

For the sake of clearness they are generally divided into the 
seven crystal systems according to Weiss’s system of axes. 

I. Triclinic System. — The forms are the least symmetrical of all. 
The system contains two classes ; — 1. the asymmetric class with- 
out any element of symmetry ; 2. the pinacoid class with a two- 

*|fold rotatory reflexion. There is, therefore, a centre of symmetry, 
H.e. each surface corresponds to an opposite parallel surface 
and the straight lines joining correspondinj^points bisect each other 
in one common point. 

II. Monoclinic System. — 3. Sphenoid class : one twofold axis 
of symmetry. 4. Domatic class: one plane of symmetry B. 
Prismatic class: one plane of symmetry and a twofold axis of 
symmetry normal to it. 

’ Grroth, rhysilaltsdm Krt/stallograplae, 4 Anil , Loipzig, 190B, W. Biigolmauii. 
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The crystals of this system show a higher degree of symmetry, 
since the iilane and axis of symmetry give rise to rectangular 
formation in one direction. 

III. Khomhic System. — 6. Bisphenoid class : three twofold 
axes of symmetry perpendicular to each other. 7. Pyramidal 
class : one twofold axis, and parallel to it, two planes of symmetry 
normal to each other. 8. Bipyramidal class : throe planes of 
symmetry normal to each other, and three twofold axes normal to 
each other 

The crystals of this system are characterised by three axes or 
directions of formation "intersecting at right angles, in accordance 
with its symmetry elements. 

IV. Tetragonal System. — 9 Bisphenoid class, one fourfold 
rotatory reflexion. 10, Pyramidal class ; one fom’fold axis of 
symmetry. 11. Scalenohedral class: one fourfold rotatory 
reflexion ; normal to its axis, two twofold axes of symmetry normal 
to each other ; in the axis two planes of symmetry, which bisect the 
angle between the two twofold axes 12 Trapezohedral class : one 
fourfold axis ; and in the plane normal to it, four twofold axes. 13. 
Bipyramidal class . one fourfold axis, and normal to it one plane 
of symmetry. 14. Ditetragonal-pyramidal class: one fourfold 
axis, and four planes of symmetry intersecting in it. 16. 
Ditetragonal-bipyramidal class: same as 14, with the addition 
of a plane of symmetry and four twofold axes of symmetry all 
normal to the fourfold axis. 

The crystals of this system are characterised by fourfold 
symmetry around a Principal axis, ie. one direction distinguished 
from all the other directions. 

V. Trigonal System — 16. Pyramidal class ; one threefold 
axis of symmetry. 17. Ehombobedral class : one threefold axis, 
which is at the same time an axis of sixfold rotatory reflexion. 18. 
Trapezohedral class: one threefold axis of symmetry, and three 
twofold axes normal to it. 19. Bipyramidal class : one threefold 
axis, and normal to it one plane of symmetry. *'20. Ditrigonal- 
pyramidal class : one threefold axis, in which three pianos of 
symmetry intersect. 21. Ditrigonal-soalenohedral class : in 
addition to the elements of class 20, three twofold axes normal to 
the threefold axis. 22. Ditrigonal-hipyramidal class : in 
addition to the element of class 20, one plane of symmetry and 
six twofold axes normal* o the threefold axis. 

The crystals of the trigonal system are characterised by a three- 
fold symmetry round a prmcipal axis. 

VI. Hexagonal System. — 23. Pyramidal class ; one sixfold 
axis. 24. Trapezohedral class : one sixfold axis, and normal to 
It SIX twofold axes. 26. Bipyramidal class : one sixfold axis, 
and a plane of symmetry normal to it 26. Dihexagonal- 



pyramidal class; one sixfold axis, m which six pianos of sym^ 
motiy meet. 27. Dihexagoiial-bipyramidal class • in addition 
to the elements of class 26, one piano of symmetry and six twofold 
axes normal to the sixfold axis. 

Hexagonal crystals possess a principal axis with a sixfold 
symmetry round it. 

VII. Cubic System. — 28. Totrahedral-pentagondodeca- 
hedral class : three equal twofold axes, normal to each other ; at 
the same inclination to these, four threefold axes. 29. Peiitagonal- 
ikositetrahedral class; three equal fourfold axes normal to each 
other, four threefold and six twofold axes which bisect the angles of 
the fourfold axes. 30. Diakisdodecahedral class ; the elemonts 
of class 28 and three planes of symmetry normal to the twofold 
axes. 31. Hexakistetrahedral class: the elements of class 28 
and six planes of symmetry. 32. Hexakisoctahedral class ; 
three equal fourfold axes of symmetry normal to each other, four 
threefold and six twofold axes, in addition to all the planes of 
symmetry of classes 30 and 31. 

The crystals of the cubic system have three equal axes of 
symmetry, normal to each other, to which the other eleiuents are 
added. They represent the most regularly formed crystals; in 
particular, class 32 contains the highest symmetry possible under the 
fundamental laws of crystallography. 

Space Differences of other Properties. — The development of the 
crystal classes according to symmetry is quite independent of the 
external boundaries of crystals. Since crystal form is the first and 
most striking property of crystals, it ivas for long the custom to 
regard it as the foundation of the system of cla.s3ification Still it is 
only one of the many properties of crystals in which spatial 
relationships are to be recognised, and a complete system must 
embrace all these properties. 

The next question is whether the differences in properties are as 
diverse as the kinds of symmetry, as expressed in the 32 classes. 
This IS not the onse ; the 32 classes represent the greatest possible 
variety of symmetry relations. Different properties are of such a 
nature that in themselves they contain certain elements of symmetry ; 
when this is the case, the classes which do not contain these 
elements, pass into the classes resulting from the introduction of these 
elements. In this way the number of possible differences is 
' diminished, and the 32 classes fall into groups, each of which embraces 
a number of the classes. 

These groups will differ according to the kind of symmetry 
introduced ; but properties which contain the same condition of 
symmetry must give the same groups. This is confirmed by 
general experience 

The most important group is formed by properties whose 
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symmetry is expressed in the most general case by a triaxial 
ellipsoid. If, for example, a source of heat is allowed to act at a 
point in the interior of a eiystal, which is originally of uniform 
temperature throughout, the points of equal temperature are on 
the surface of a triaxial ellipsoid. This occurs in crystals of 
rhe triclinic, monoclimc, and rhombic systems. In the first, the 
position of the ellipsoid has no geometrical relation to the crystal 
form. In monoclinic crystals the axis or plane of symmetry must 
coincide with that of the ellipsoid ; and in the rhombic system this 
holds for the three axes or pianos at right angles to one another. 
These three systems forin the group of triaxial crystals. 

The crystals of the trigonal, tetragonal, and hexagonal systems 
possess an axis of at least threefold symmetry. As this is not 
present in a triaxial ellipsoid, it passes into a uniaxial or rotational 
ellipsoid This ’gives the group of uniaxial crystals, or those with 
a principal axis. 

Crystals of the cubic system have three equal axes normal to 
each other With the introduction of this condition the ellipsoid 
passes into a sphere, and the crystals are isotropic. 

With respect to such properties crystals form three groups (or 
five, if account is taken of the differences between triaxial crystals) ; 
and the group to which a crystal belongs can bo ascertained, in spite 
of its arbitrary or accidental shape, by determining the degree of 
symmetry of some such property. 

The property which has been most fully investigated is that of 
the propagation of light, and the related phenomena, refraction 
and dispersion. .They are of sufficient importance to merit p, 
separate chapter. 

This character is common to all other properties which can be 
regarded as propagated from point to point, as conduction of heat, 
electricity, sound, etc. In the same category are the changes of 
form and of volume produced by temperature and by uniform 
pressure ; also efflorescence, and especially chemical changes which 
only partially attack the crystals. 

A different grouping is obtained if the properties vary with the 
direction, but do not discriminate between forwards and backwards. 
Elasticity is of this nature , a stretched rod tries to shorten, but the 
force does not act exclusively from one end or the other A centre 
of symmetry is thus intooduced , and, on this account, only so many 
classes of the 32 remain as are different after this condition has been 
added. The number of classes remaining is eleven.'^ 

Polar properties, i.e. those which necessarily have two opposite 
values, as, for instance, electric charge, can only occur at axes whose 
ends are different, e.g which are not united with a plane of symmetry 

1 A fui’tlier condition la added in the case of elnslieity, which reduces the uninher 
hy two classes. 
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at right augles to the axis. Crystals which possess a centre of 
symmetry are also excluded. 

AlHiat has been said will show the close connexion between the 
symmetry of crystals and. the nuinner in which their different 
properties manifest themselves. Further development of the subject 
belongs to crystal physics. 

Regular Structure. — The only supposition made in the above 
development is that crystals are synimotrical systems whose diversity 
is limited only by the other fundamental laws of crystallography. 
It is, therefore, free from any hypothesis as to the internal structure 
of crystals, or their building up by a » regular arrangement of 
particles But since the begiuniiiga of scientific crystallography 
down to our own day, efforts have been made to develop I’opre- 
sentations of this kind, based upon the regularities observed. 

Hauy, one of the first scientific crystallographcrs, based his 
representation on the assumption that crystals are composed of 
smallest particles of the same shape, and in parallel positions, like 
bricks in a wall. On this assumption the law of rational indices 
at once becomes obvious. For, if parallolopiped pieces are put 
together in such a way 'that each layer has one stone fewer in the 
length and breadth than the layer beneath, the sides of a pyramid are 
obtained. If the decrease takes place only in every second or third 
layer, or if the layers decrease by more than one stone at a time, other 
pyramids will be'obtained, ivhose relation to the first pyrami<l are in 
accordance with the law of latioiial indices (which Haviy called the 
law of decresoence, on the strength of this consideration). 

AFhile Haiiy had considered it necessary to suppose his bricks to 
be of such a shape that the space was completely occupied by them, 
this idea was rejected later as unnocessaiy. The problem became 
more general, that of arranging molecules or points of mass, without 
regard to shape, in a regular order, and of bringing those arrange-, 
ments into agreement with the facts of crystallography. 

Such ideas have been developed by Frankenheim (1832-56), 
Bravais (1849),»Mdbius (1849), Sohncke (since 1867), Barlow 
and Pope (1906), and have led to the desired result. 

Let us imagine a system of points in space, fulfilling the condition 
that the arrangement round any one point is the same as round any 
other. If we join any of these points with a neighbouring one, the 
straight line formed will, when produced in both directions, pass 
through points distant from the original pdmts by the length of the 
original line ; for by our assumption a third pomf. must lie in the 
same relative position to the second as the second does to the first ; 
the straight line will thus join up an infinite range of equidistant 
points. If we now draw a line from the point first considered 
to another neighbouring point the same thing holds, and it is also 
true for every parallel to the first straight line drawn through a 
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point of the second, and vice versa.. The two systems of parallels 
obtained by this construction he in the same plane, and their 
intersections contain all the pomts of the system which are in that 
plane. The arrangement characteristic of crystals thus leads in the 
first instance to two systems of co-planar equidistant parallels 
intersecting at a definite angle. If we add the limitation that the 
two determining straight lines be drawn from the point of origin to 
the two nearest jioints, it can bo proved that the angle must lie 
between 60° and 90°. 

If we now draw a third straight line to a neighbouring point not 
lying in the same plane ,p.s the others, what we found above applies 
also to this line and to all parallel lines drawn through the points 
in the plane. All possible points arranged according to our assump- 
tion are thus determined as the intersections of three systems of 
parallel equidistant planes, the angles between which are subject 
to the condition already stated for the angle between the parallel 
lines. If no further condition is added we have the case of least 
symmetry, the asymmetric system. 

But now, if we add the restriction that there shall be one plane 
of symmetry, this plane must evidently be at right angles to one 
of the planes determined by two ranges of points, and bisect the 
angle between these ranges ; otherwise the condition of symmetry, 
that the arrangement on one side of the plane should be the mirror 
image of the arrangement on the other, cannot ha fulfilled. Again, 
the distances between neighbouring lines in the two systems of 
parallels contained by the plane of the ranges must be equal. Bor, 
if we imagine one system to be drawn till it cuts the plane of 
symmetry, its mirror image must appear on the other side. If now 
the two systems of parallels be infinitely produced, the net in the 
plane is fully specified. We come, therefore, to the conclusion that 
a plana of symmetry at right angles to another plane determines in 
the latter a network of points with a rhombic mesh, through a 
diagonal of which it piasses. As regards the points without the 
plane, we must first of all recollect that every plai^ containing them, 
and parallel to that just considered, must have exactly the same 
arrangement of points as the latter. Such a second field of points 
may thus be obtained by moving the first parallel to itself. But the 
demands of the law of symmetry must be satisfied. In general 
a parallel movement would result in the number of points being 
doubled by reflexion urthe plane of symmetry, but this must not 
be the case — the points and their images must coincide ; the field 
must therefore be shifted so that each point moves, along a line 
parallel to the plane of symmetry. The projections on the original 
field of the points external to it must consequently fall on the 
diagonal of the rhombs through which the planes of symmetry pass 
As the fundamental form of this tridimensional system of points or 
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“ space net ” we thus obtain a parallelopiped with a rhombic base, 
each pair of intersecting sides being equally inclined to the liase. 
By drawing the diagonals of the base, and then joining their point 
of intersection with the corresijonding point of the opposite face 
we get a system of three axes, two of which are at right angles to 
each other and the third inclined to both. This, as we have seen, is 
characteristic of the monoclinic system. 

We will now assume that there exists a second plane of symmetry. 
This necessarily calls into existence a third, which is its mirror image 
ill the first; again, the mirror image of the first in the second 
determines a fourth; each of these new planes of symmetry deter- 
mines three others, and so on. Two planes of symmetry placed 
thus at random give rise to an infinite number of new planes, all 
oontaining the same straight line. This, however, on our original 
assumption is impossible, so we must look for special positions in 
which the number of planes of symmetry remains finite. The con- 
dition for this is that the angle be where ti is a whole number. 

We shall first take n=2; the two planes cut at right angles. 
For the reasons given above they must both be perpendicular to a 
field of points. The ranges of this field must be symmetrical with 
respect to both planes, which condition is fulfilled either by the 
points forming rhombs that have the planes of symmetry for their 
two diagonals, or by the ranges being at right angles to each other 
and parallel to the planes of symmetry. The mesh of the net formed 
by the field of points is thus either rhombic or rectangular. The 
points of the parallel nets can likewise assume two positions , they 
may lie simultaneously in both planes of symmetry, t.e, perpen- 
dicularly over the lower points, or they may lie over the points of 
intersection of the diagonals. In both cases this lakes place above 
and below the pl.ano considered, which consequently proves to be 
a plane of symmetry. The demonstration holds in the same way 
for every system of more than two planes of symmetry jiassing 
through the same straight line, so that we can state in general that 
two or more planes of symmetry meeting in a straight line 
determine another such plane at right angles to that line. 

Let us now reconsider our nets. When the points in the parallel 
plane are vertically above the middle points of the diagonals, the 
points of the third piano lie above those of the first. Wc can, 
therefore, consider such a system as a coiubination of two inter- 
penetrating space nets. In all cases wo arrive at three mutually 
perpendicular, axes, which are not equivalent ; this is the characteristic 
of the rhoiiihic system. 

The second plane of symmetry may now be determined by 
making n = 3, the angle being iii this case 60“. To the first and 
second there is at once added a third, also at an angle of 60”. Tliose 
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are all prependicular to the original field of points and equivalent 
to one another. The only possible distribution of points in the 
field IS that into three systems of ranges each parallel to a plane of 
symmetry; the points form rhombs of 60“ and 120“. The first 
parallel plane can either have its points vertically over the original 
points or over the centres of the rhombs j in the latter case the 
points of the third jiarallel plane are situated vertically above the 
original points. Eor the same reasons as before the original field 
is also a plane of symmetry, so that the system has four in all, three 
making with each other angles of 60° and containing the same 
straight line, and one rperpendicular to this line The axes are 
determined by the lines of intersection of the four planes of 
symmetry, so that we have the hexagonal system with three 
equivalent axes at 60° in one plane, and a fourth at right angles 
to these. 

For n = 4 there appears a second plane of symmetry inclined at 
45° to the first. These two determine other two at right angles to 
them ; so that we have four co-axial planes, those at right angles 
to each other being equivalent but different from the other pair. 
The arrangement of the points in the field can only be quadratic, 
and the field itself, perpendicular to the co-axial planes, must also 
be a 23lane of symmetry. The position of the points in the parallel 
planes is determined by the same considerations as before. The 
system has five axes, of which four iie in one plane -and are equivalent 
in pairs alternately, while the fifth is at right angles to these. As 
a rule, we only take account of one equivalent rectangular pair of 
the first four, considering the other pair as secondary. This is called 
the quadratic system. 

If we jiut n = 5 or more, we find that such a number of planes of 
symmetry cannot be actually realised. It was seen above that the 
angle contained by the lines joining a point with the two nearest 
points cannot be less than 60°, while five or more planes of symmetry 
would entail this. We have, therefore, only one step to take in 
order to attain the highest degree of regularity ; Aim must make the 
fifth plane of symmetry of the quadratic system equivalent to two 
others. We then have three equivalent principal planes of symmetry 
at right angles to each other, and six secondary planes in addition. 
We have thus the cubic system. 

This development does not claim to be strict or complete, but 
is put forward as an-^ illustration of the considerations involved. 
Sohncke has made a systematic investigation of the problem, and 
has found that the method described above does not exhaust all the 
possibilities. In addition to the simple “ space nets ” discussed above, 
others, jiroduced by placing several congruent space nets within each 
other, are required for a complete solution of the problem. 

On comparison of the results obtained by this method with those 
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derived from purely geometrical considerations, it is at once seen 
that the latter is both simpler and more complete. Thus it is not 
only free from assumptions, but is more advantageous from a 
practical point of view. 

Crystallography has thus attained a position which compares 
favourably with that of the fundamental chemical laws of stoichio- 
metry. 

Fusion, and Solidification. — It has been stated above that the 
amorphous solid state forms the regular continuation of the liquid 
state. No sudden change takes place between them, and in particular 
amorphous substances have no real meltHig-point. This passage 
from one state to another is so far to be compared to that of liquids 
into gases at pressures above the critical pressure. The passage 
from the liquid to the crystalline state, on the other hand, is a 
sudden one ; it takes place at a definite temperature, at which both 
states can exist together, while at other temperatures only one of the 
two forms is stable. This is comparable to the passage of a vapour 
into a liquid below the ciitical pressure, and indeed the similarity 
of the two phenomena is very far-reaohing. 

The cause of this similarity is that this also is an instance of 
equilibrium between two phases (p. 61), which, according to the 
law, is independent of the quantities of the phases. At each pressure 
there is only one temperature at which the two phases can co-exist, 
at any other temperature one or other dis.appears. 

The transition f i om ono phase to the other is always accompanied 
by a change of energy. As in the case of vaporisation, the empirical 
law holds for fusion; the change from the solid to the liquid 
state takes place ivith absorption of heat, or generally 
of energy. The quantity of heat absorbed, the heat of fusion, 
depends on the nature of the substance. 

There is also a change of volume on fusion, but not only tbo 
amount but even the sign vanes with different substances. The 
volume of most substances increases on fusion, but in a few instances 
the converse ocou»s , the best known and most important example 
of the latter is water, the volume of which decreases about one-tenth 
on fusion. 

Fusion differs from vaporisation also in the very small change 
which pressure effects in the equilibrium temperature. It is so 
small that it was at first quite overlooked ; it ivas deduced theoretic- 
ally by J. Thomson (1849) and experimentally discovered inde- 
pendently by Bunsen (1860). 

The theory is quite analogous to that developed on p. 78 for 
the relation of pressure, temperature, and heat of transformation on 
vaporisation, and the considerations stated there can bo immediately 
applied Fere, solid and liquid taking the places of liquid and vapour. 
In the equation dp/dT = W/Tu, as before T denotes the absolute 
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temperatui 0, p the pressure, dT and dp the simultaneous change m 
these for a given displacement of equilibrium. But W now is the 
heat of fusion, and u is the change in volume on fusion. 

From this it is evident at once that the olFect of pressure on the 
melting-point must be very small, since the change in volume is very 
small in comparison with the very large change on vaporisation, 
while W is also smaller, though not to anything like the same extent. 
There is this further difference, the volume always increases m 
vaporisation, but in fusion the volume may increase or decrease. 
In consequence, an increase of pressure does not always raise the 
melting-point; it may lower it. Which of the two it does, depends 
only on the sign of the volume change u, since W and T, the other 
magnitudes on the right side of the equation, are always positive. 

Accordingly, the melting-point of ice, which melts with decrease 
in volume, is lowered by pressure, while the other substances whose 
volume is increased on fusion have their melting-points raised by 
pressure. 

A numerical test of the theory is got by substituting the corre- 
sponding values in the formula. The molar volume of water at 
0“ is 18'02, of ice 19 66 ; u is thus = - 1'66 The heat of fusion is 
80 cal. for 1 g., i.e. 6‘03 kj. = 6'03 x 10^® erg for one mol, T = 273. 
If dT = — 1, the pressure required to lower the melting-point of ice 
by l°i dp= 138 X 10®; or dividing by 1‘013 x 10® to reduce it to 
atmospheres, 136 atmospheres. Conversely, the melting-point of ice 
is lowered 0‘0074° by a pressure of one atmosphere. 

The Triple Point. — If another phase is added to the two • solid- 
liquid, the remaining degree of freedom is lost, and the system can 
exist at one definite temperature and pressure only. This happens 
when vapour is allowed to exist in contact with ice and water. 

The vapour pressure of water at 0° is 4:‘58 mm. of mercury. 
At this piessure the melting-point is not exactly 0° but -i-0'0074‘’; 
the corresponding rise in vapour pressure does not affect the 
second decimal. At this temperature and pressure alone can 
ice, water, and water vapour coexist. 

There is at least one such triple pomt for every substance which 
can exist in the three states It is not the only possibility, however ; 
the coexistence of two allotropic forms along with liquid or vapour 
gives rise to similar triple points of the same invariability. 

It may be asked whether ice and water have necessarily the 
same vapour pressure at this temperature. The answer is in the 
affirmative. If it were not so, a perpetuum mobile of the second 
kind could be constructed (p. 74), and as this is impossible the 
vapour iwessures cannot be different. If the vapour pressure of 
ice at the temperature at which water and ico are in eqiulibrium 
wcie a little smaller than that of water, an engine could be driven 
by means of the difference in pressure, water being vaporised and 
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ice of the same temperature being formed. This ice could then 
be melted at the same temperature, and the eycle repeated, ndtli 
the transformation of heat into work at constant temperature. 
This would be a perpetuum mobile of the second kind. The 
converse would load to the same result, and therefore the equality 
of the two vapour jiressures is established. 

This conclusion may bo briefly expressed as follows : whatever 
IS in equilibrium in one way must be in equilibrium in every 
way. If ice and water in immediate contact are m equilibrium, 
they must be so for every other process by which, under the 
same conditions, ice and water can be transformed into each other. 
In this special case the transformation is through the medium of 
the vapour state. The great importance of the second law lies 
111 this possibility of drawing conclusions from the known relations 
of a system in a certain respect regarding its unknown behaviour 
in other respects. 

Overoooling. — The further question may be asked, whether 
this equality is preserved at other temperatures. This question 
has no meaning, unless both ice and water can be had at other 
temperatures It has been found experimentally that water, at 
any rate, can be observed at tomperatm-es below 0° in the over- 
cooled state. Ice has never been obtained above 0", but its 
existence, nocordipg to analogy, does not appear impossible. The 
question then turns on the natuie of this overcooled state. 

Fahrenheit (1724) in the eighteenth century noticed that water, 
enclosed in a glass bulb, could be cooled below the freezing-point, and 
this has since been recognised as a general property of liquids. 
Every liquid can bo cooled below its frcezuig-poiut if it is kept 
from contact with the solid phase, and can remain liquid for an 
indefinite time. If the temperature is successively lowered, a state 
IS reached in which solidification occurs oven m the absence of the 
solid phase. 

This is precisely similar to the behaviour of ovorcooled vapours 
(p. 67) , and can tie best expressed by assuming the existence of a 
metastable region, in which the transformation can only take 
place in the presence of a “ nucleus ” of the now phase, while further 
removed from the equilibrium temperature a labile region begins, 
in which the transformation occurs spontaneously, i.e. without a 
nucleus. The boundary between these regions is not easily observed, 
for it is affected not only by .small differences of pressure and 
temperatureSj which may be missed by the measuring instruments, 
but by the other solid substances in contact with the liquid. 

The solidification of an ovorcooled liquid on contact with a 
crystal of the same substance is an effect produced exclusively by 
the latter. If, for instance, we dip into fused sodium thiosulphate 
cooled to the ordinary temperature a glass rod covered with the 
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same salt, crystals liegm at once to develop round the rod. If 
these are then removed carefully from the liquid so that no 
crystalline particle remains behind, there is no further solidification , 
the liquid state is retained. An overcooled liquid therefore is not 
per se in an unstalile state, this is only the case when some of 
the solid substance is present 

The properties of an overcooled liquid are simply a continuation 
of those in the ordinary liquid. There is no sudden break, showing 
that the overcooled state is no peculiarity in the liquid, but is 
merely an expression of the relation between the solid and liquid 
forms. ’’ 

In particular, the vapour pressure of a liquid as a function of 
the tamperatui'e is represented by a perfectly continuous curve, 
with no change of any kind showing at the freezing-point. Similarly, 
the vapour pressure curve for the solid would be expected to be 
equally continuous. As the two curves have one point in common 
at the melting-point, the two curves must either coincide throughout, 
or be different curves intersecting at this point. 

The former was formerly regarded as the correct view, but 
it was based on faulty experiments, the intersection of the 
curves has since been proved both theoretically and experimentally. 
It follows from the vapour pressure formula dp/dT = W/Tu. The 
heat of vapoiisation W is the boat absorbed ip changing water 
into vapour. If ice is vaporised at the same temperatiu’o, the 
process can be represented as the fusion of ice to water and the 
change of the latter into vapour. The heat necessary for these 
two changes must be the same as that for the direct transformation 
of ice into vapour, as otherwise energy would bo created in violation 
of the first law of thermodynamics. At the melting-point the two 
vapour pressures and the temperatures are the same; the only 
difference is in the heats of vaporisation W, which fixes the slope 
of the vapour pressure curve (p. 79) Since the heat of vaporisation 
of ice is about one-seventh greater than that of water, dp/dT 
must be greater to the same extent, i.e. the curve for ice must 
be steeper than that for liquid water (Fig 21). 

We obtain the numerical value of this difference by inserting 
the appropriate data. The vapour pressure of ice and of water at 
0° is 4-68 mm., and as the gas laws may thus be regarded as valid 
for the vapour, the equation dp/dT -pW/ET^ may be applied. It 
has the same form for water and ice, W in the latter case being 
replaced by W -t S, where S is the heat of fusion. Subtracting the 
two equations dp/dT = pW/RT2 and dji'/dT = p(W + S)/KT^ we 
have on the left side the diflerence of vapour pressure of water 
and ice at the same temperature, if T and dT are the same in 
both cases. Making dT = - 1, we get the difference for one degree 
below zero. Then dp - dp' = pS/RT®, where p = 4'58 mm., T = 273, 
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S = 6-07 s 10 ^®, li = 8 31 X 10 ’^ ; hence dp - dp' = 0’044 mm. This 
is small enough to escape the notice of even a skilled o.^pcrimenter. 
This difference, first predicted on theoretical grounds, has been 
confirmed by experiment in this and in some other instances, the 
quantitative agreement being extremely satisfactory. 



The equilibrium conditions for water in the three forms — ice, 
water, and vapour — can be lepresented on a temperature pressure 
diagram ; we have first the vapour prcssiiro curve of water, II ; 
I is the vapour pressure curve of ice, intersecting the former at 0° 
(or more exactly^ at + 0’0074''). At this point ice, water and 
vapour can exist together, the curve representing the effect of 
pressure on the melting-point, i.e the ice and water curve, must 
therefore pass through it. Since the 
temperature is very little affected by 
pressure, the curve will be almost 
vertical, as indicated by III in the 
figure. This curve slopes a little to- 
wards the right in the case of water, 
which expands on solidification , for 
the other substances it slopes to the 
left. The area ‘is divided by these 
curves into three fields or regions, to 
each of which belongs one of the three 
forms — solid, liquid or va 2 iourj the 
curves themselves denote the corre- 
sponding pressures and temperatures at 
which the two adjacent phases can coexist, and their jioint of 
meeting rejiresents the single possibility for the coexistence of all 
throe phases.' 

These exiilanations only apply to tho complete stable equilibria ; 
the metastahle states extend on all sides into the adjacent regions. 

Polymorplusm. — The common statement that a substance can 
only exist in three forms — solid, liquid and gaseous — requires 
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modification. It is generally true that only one gas and one 
liquid form are known, but usually there are several solid forms. 
That 18 , just as a vapour can be completely converted into a liquid 
with new properties, a given solid can change into another solid 
substance with new properties, and may under suitable conditions 
be reconverted into the old form. Substances are known which exist 
not only in two, but even in three, four or five different solid forms ; 
no limitation to the number is known to exist. Such substances are 
called polymorphous. The name allotropy is commonly employed 
in the same connexion, especially when the substance is an element. 
There is no real reason ’’for making this distinction, and it is pre- 
ferable to allow the second less common name to die out. 

The laws underlying the transformations of polymorphous 
substances are exactly the same as those relating to the change 
from one state to another. Accordingly it is mainly a matter of 
temperature. Mitscherlich, the discoverer of polymorphism, 
proved that of the two forms of sulphur, the rhombic is stable at 
temperatures below 100°, and the monoclinic at temperatures above 
100°. Just as ice melts above 0°, rhombic sulphur goes into mono- 
clinic sulphur above 100°, and returns to rhombic sulphur when the 
temperature is lowered under 100°, just as water freezes below 0°. 
Each form has a region of stability, the two regions being separated 
by an equilibrium temperature, at which the twg forms (and the 
vapour) can coexist. 

In a similar manner, all the other peculiarities which usually 
accompany the change of state are encountered, and particularly the 
phenomena of supersatnration which occur more readily and 
in both directions. Rhombic sulphur w’hen heated above 100° does 
not immediately change into the monoclinic form but remains in the 
old state for a longer or shorter time, according to the degree of 
overheating. This can be carried so far that, with rapid heating, 
the melting-point of rhombic sulphnr can be determined before it 
has had time to change into monoclinic sulphur. The melting-point 
IS 116°, while that of monoclinic sulphur is 120°r It is a general 
rule that the less stable form has the lower melting-point. 

Monoclinic sulphur is also moderately stable at low temperatures 
When the transition into rhombic sulphur, which is recognised by 
the opacity of the crystals, does take place, it is found to start at 
definite points, the transition being effected by contact with the 
stable form. It is not quite certain whether we have here a meta- 
stahle and a labile condition, as we should expect, hut it is not 
improbable. 

The difference of the vapour pressures of the solid and liquid 
forms of a substance at temperatures other than the melting-point 
also exists in this case; the vapour pressure of the stable form is 
always smaller than that of the less stable form at the same tempera- 
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lure. The two vapour pressures are tho same at the transition 
temperature, i.e. at the point of intersection of the two curves. 

The transformation at the transition point follows the law that 
the change resulting from an increase of temperatuvo occurs with 
absorption of heat, as is the case in the other changes of state. It 
IS in fact an instance of a general law that when an equilibrium 
point is exceeded as the result of some external influence, 
tho process which takes place ahvays acts in opposition to 
the influence, i.e. reduces its effect to a minimnra. For instance, 
raising the temperature brings about reactions which are accompanied 
by absorption of heat, and increase of pressure is followed by the 
reaction which reduces the volume. Many illustrations of thus law 
have been already given. 

The transition temperature of polymorphous substances 
is likewise displaced by pressure. The equation forthe melting- 
point developed on p, 102 is immediately applicable to this case. The 
sign of the volume change for the transformation effected liy rise 
of temperature (i.e. accompanied by absorption of heat) settles 
whether the transition temperature is raised or lowered by an 
increase of pressure. 

There are many other substances which exhibit the same 
behaviom’ as sulphur. But there are other polymorphous substances 
for which no transition point can be found, they have only one 
stable form, and one or more unstable forms. In these oases 
the transition temperature is higher than the melting- 
point of the less stable form, and is unattainable owing 
to the impossibility (p, 101) of heating solids above their 

melting-points Lehmann first called attention to these two 
different kinds of polymorphism, designating the first as enautio- 
tropio and the latter as monotropic. 

According to the rule that the vapour pressure of a less stable 
form is greater than that of a more stable form, and that the vapour 
pressure curves of the liquid and solid forms intersect at the melting- 
point, Figs. 23 and 24 give the vapour pressure curves for the two 
cases, I referring in both diagrams to the liquid, II and III to the 
solid forms. The points of interseotion of I with II and III are 
melting-points, of II with III are transition temperatures. In Fig. 
23 the liquid curve intersects tho other two above the transition 
• temperature, and both solid forms have a stable region. If the 
intersection of I with II and III is below the transition temperature, 
as in Fig. 24, form II is unstable m the whole region up to its 
melting-point and III is stable The first case represents enantio- 
tropism, and the latter monotropism. 

It is conceivable that the curves may intersect again at low 
temperatures, and the relative positions of the different forms he 
changed, but so far no example of this is known. 



106 


OUTLINES OE GENERAL GHEMISTB.Y 




We must now consider how the unstable form of a monotropic 
substance can be observed, seeing that there is no region in which it 
is stable. It is a general rule that the unstable forms are 
obtained from a liquid or vapour form before the stable 
form appears. If no nuclei 
of the more stable forms are 
present, the first product of 
the spontaneous solidification 
of an overcooled liquid is 
the most unstable form. If 
this form is still in the meta- 
stable region, it can persist 
indefinitely. 

The transformation of the 
unstable form into the stable 
form depends upon the pres- 
ence of a nucleus of the stable 
form, precisely as in the case 
of an overcooled liquid in the 
metastable region; there is no clififeronce in this respect between 
monotropio and enantiotropic substances. 

According to the above considerations, only one form of a 
substance can be stable under given circumstanoes, and this form 
alone should bo found in nature (unless the presence of nuclei of the 
most stable form was excluded). This is contrary to experience , 
many polymorphous 
forms of minerals are 
known, in which there 
was ample oiJportunity 
for contact with nuclei of 
the other form. Calcite 
and aragonite, forms of 
calcium carbonate, are a 
very well-known examjile. 

Aragonite spontaneously 
changes into calcite at 
dull red heat, hut the 
two forms can apparently 
remain side by side for any length of time at ordinary temperatures. 

The cause of this has not been exhaustively studied. A very 
important factor (probably the only essential one) is the velocity 
of transformation, which may be very small. The velocity 
depends on several factors. Thus, it is smaller the nearer the 
temperature is to the transition temperature, and becomes infinitely 
small at the transition temperature. Again, the velocity may become 
unrecognisably small at temperatures much below the transition 
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temporatui-o, for all cliemical processus are very inucli slowed down 
by lowering the temperature. Botb circumstances may confer an 
apparent stability to forms which, according to the above, ought to 
undergo transformation. The tainsformation is actually going on, 
but at so slow a rate that it is not noticeable. 

Liquid Crystals — Increasing viscosity is, as we have already 
seen, an indication that there is a continuous transition between the 
liquid and solid states. Liquids as a rule do not possess “directional” 
properties, i.e. are amorphous ; this transition, therefore, only holds 
for amorphous solids. But jilastic deformation is not confined to 
amorphous substances, although it is uearlj" always associated with 
them; gold is an example of a plastic, crystalline solid. Their 
viscosity is usually so great that very strong forces are required to 
deform crystalline solids. Only in recent years have crystalline 
substances with comparatively small viscosity been discovered and 
have led to the idea of liquid crystals (Lohiiiann, 1889). 

These substances are organic compounds ; they show all grada- 
tions from the typo of ordinary crystals to the most pronounced 
liquids. If the crystals are only soft, and not liquid, as, a.g. 
ammonium oleate, they are bounded by plane smfaces. A.ccording 
to the theory of surface tension the pressures at the apices and 
edges of crystals are very great; m consequence of which the edges 
are rounded off Two crystals brought into contact flow together 
more or less rapidly, forming one crystal with relatively smaller 
surface There is equilibrium between the directional forces of the 
orystalliiie form (which lead under suitable circumstances to plane 
surfaces) and the surface tension (which tends to a spherical shape), 
and it depends on the viscosity how soon a system, which is not 
yet in equilibrium, will settle down to its final condition. If the 
directional forces are smaller, the crystal will show only a more or 
less developed approximation to plane surfaces, and may become a 
purely spherical drop if the forces are very weak 

In the latter case the crystalline character is still shown by the 
anisotropic nature of the drops, which are uniaxial (p 94). Very 
probably they possess other directional properties too, but nothing 
is known of them. 

This is the explanation of their opalescent appearance, owing 
to which they were sometimes regarded as mixtures. As these 
substances have different optical properties in different directions, 
and as the particles are as a rule differently oriented, regions of 
different refractive index border on each other, and so the conditions 
for partial reflexion, i.e. opalescence, are fulfilled. Uuder suitable 
conditions they can also appear absolutely clear. This occurs when 
the individuals are in parallel positions. 

These substances undergo the sailie transitions as any other of 
the states of aggregation. At a lower temperature they generally 
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pass into other crystals, i.e. they are polymorphous, these forma 
differ 111 no respect from other crystallised substances. At a higher 
temperature they melt, but this is not always accompanied by any 
considerable fall in the viscosity (indeed there are cases where the 
viscosity increases), although the amorjihous and ordinary liquid 
condition obtains. Both these temperatures are quite sharply 
defined, and follow the same laws as ordinary melting-points and 
transition temperatures. In a few cases two or more different 
crystalline-liquid forms have been observed, some of which are meta- 
stable and can only be obtained by overcooling. 
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CHAPTER VI 

EQUIVALENTS AND COMBINING WEIGHTS 

Elements and Oompounds. — Hitherto substances have boon con- 
sidered purely as substances, in so far as they are subject to general 
laws, i.e. as regards that part of their behaviour in which they difl’or 
least. But now we have the problem of examining the consequences 
of thoir mutual chemical action, and here their individual differences 
appear, which afford the most certain means of distinguishing one 
from another. In other words, we have to do with their chemical 
properties in the strict sense. 

The principal phenomenon is that two or more substances 
disappear when brought together, and new substances take 
their place. The simplest case of appearance and disappear- 
ance has already been met with in the mutual transformations of 
the states of aggregation ; only these took place without the forma- 
tion of other substances As a rule a pure substance remains a pure 
substance when jt undergoes a change of state. These transforma- 
tions are all reversible, so that the series of transformations runs in 
each direction and it is always possible to return to the initial state. 
It has not been emphasised that the law of the conservation of 
weight and mass holds for all these transformations. No circum- 
stance IS known which affects weight and mass, therefore ni this 
particular case there is no effect. 

For chemical transformations, too, in which several substances 
take part, the law of the conservation of weight and mass holds 
quite generally. It was used by Lavoisier in the last quarter of 
the eighteenth century to deduce that, if the weight increases during 
a chemical process, weighable substances must have been taken up. 
In this way he showed in particular that in combustions the substance 
109 
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lias combined witli a constituent of tbe air, since the product weighs 
more than the combustiblo did. This surplus is to be set down to 
the action of oxygen. 

Such considerations have led to the idea of elements in the 
present sense. For the sate of clearness, we will confine our 
attention to the simplest case, where two substances are transformed 
into a single one, or conversely one into two; on account of the 
conservation of weight, the rveight of each of the two is smaller 
than that of the single substance. The substances of smaller weight 
are called the components and the other the compound. 

We may now inquirp whether the components of one reaction 
may not be compounds in other reactions. If this is so, the com- 
ponent also has components, which are relatively simpler 
substances. 

We may suppose this investigation to be carried out as completely 
as science permits, and we should have a number of substances 
which always appear as components and never as compounds. In 
other words, they always pass into substances of greater weight, 
and never into substances of less weight. These substances are 
the Elements. 

According to this, elements appear to be substances of essentially 
the same nature as compounds. The fact that they have never been 
observed as compounds is no reason why they should never in the 
futiu’6 he found to he so. Throughout the history of Chemistry it 
has been the case that from time to time substances, previously 
regarded as elements, have been proved to be compounds. 

As these considerations are based upon the chemical behaviour 
of all substances investigated by chemists, wo are justified in saying 
that all known substances consist of one or several of about eighty 
elements, i.e. can be decomposed into them. 

The Conservation of the Elements. — The relation between a noii- 
olementary substance or a compound and its elements is unambig- 
uous and reversible. Unambiguous, in that only the same 
elements can he obtained from a given substance^ no matter how 
the change is effected; it is reversible, because the substance can 
be regenerated from these elements. 

The first of these rules is universally true, no exceptions being 
known, hut the second rule cannot at present be experimentally 
verified m all cases. There are many substances, especially among 
those which occur in living organisms, of which the analysis or the 
testing for the elements has been made, but not the synthesis, or 
the building up of the substance from these elements or from simpler 
compounds of them. Still, the number of syntheses, even of difficult 
substances, is very large, and is increasing so steadily, thanks to the 
untiring efforts of investigators, that it is merely a question of time 
and work when the synthesis of any specified substance will he 
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effected. There are no indications of the imj^ossibility of effecting 
a synthesis in any given case. 

These oxpemnoiital relations can he most briefly expressed in the 
law of the conservation of the elements, it is impossible to 
transform one element into another' clement. Discoveries 
have been made recently, which appear to contradict this law ; but 
it is plain that this merely involves a revision of the table of 
elements in accordance nith the definition. 

The law may be regarded as the final outcome of the efforts, 
which persisted through the Middle Ages, to make gold from the 
cheap metals, especially lead. In view of f^o many transformations 
which had been observed, it was not altogether unnatural to suppose 
that lead could be transformed into gold if only the right moans 
could be found. Just as the quest after perpetual motion was 
practically unsuccessful, so was this; and as, iu the former, the 
law of the conservation of energy was the positive result of those 
prolonged efforts, here, too, there resulted the law of the conservation 
of the elements. Tor, since gold and lead answer to the definition 
of elements, their mutual transformation cannot take place. 

But the law predicts more than the mere exclusion of the direct 
transmutation of the elements. It excludes the possibility of 
iudirect transmutation. In other words, a substance, which contains 
a given element A, cannot he made without using A or some sub- 
stance from whioh A can be obtained, i.e. a compound of A. If 
this wore possible, A could be made from other elements, ie. the 
transmutation of elements could take place. 

This law simplifies very considerably the relation between 
elementary and compound substances ; the enumeration of the 
olements contained in any compound limits iu a very definite 
manner the circle of substances which can possibly be prepared from 
it, and at the same time indicates to a greater or less extent the 
methods of preparation. 

Acids, Bases and Salts. — Acids, bases and salts belong to the 
oldest groups 0^ substances, classified according to their chemical 
properties. The first have a sjjecial taste, as their name indicates. 
As it is not always advisable to test liquids by taste, the reddening 
of blue vegetable colours was soon introduced as tbe test for acids. 
The bases formed a group opposed to tbe acids ; they turn the 
reddened vegetable colours blue or green (the alkaline reaction), and 
also destroy the other chemical properties of the acids, their .sour 
taste and corrosive action, when brought into contact and chemical 
reaction with them. The product formed has neither acid nor basic 
properties if the right proportions of the two substances have been 
taken ; it has 'a salt taste and has no action on vegetable colouring 
matters. This is the neutral condition, and the substance is 
called a salt. By a suitable series of changes the same acid and 
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base can be obtained again from the salt. For, in addition to their 
common properties just montioned, these groups have other properties 
irhiuh enable ns to recognise a large number of different acids and 
bases. The number of salts is larger still, for, in general, every 
acid can unite with every base to form a salt, and thus the number 
of salts formed by a acids and h bases is the product ah. 

Constant Proportions. — In maldng a salt by adding a base to a 
given quantity of an acid, and testing the product from time to time 
by means of a vegetable colour (litmus), the following is observed. 
At first the whole remains acid, for although a part of the acid is 
neutralised hy the base, the rest of it is unchanged. The salt has no 
action on the litmus, but the acid has, and the mixture has an acid 
reaction, 

On continuing the process, a point is reached at which the acid 
reaction is replaced by the alkaline reaction. With greater care in 
adding the base, the neutral point can be obtained. Then a slight 
excess of base will give the alkaline reaction, or of acid the acid 
reaction 

There is, consequently, a perfectly definite ratio in the weight 
or quantity of an acid and a base which neutralise each other with 
the formation of a new substance, the salt. The process is a typical 
chemical reaction, since the original substances and their properties 
have disappeared and have been replaced by a new substance with 
Its own properties, a salt. This chemical process is characterised by 
the definite ratio between the reacting substances. 

It is not a question of absolute weights, but of the ratio of the 
weights. It can easily be shown that the same ratio is found 
whether the experiment is done on a large or on a small scale, 
provided that the “ same ” substances are used , it is also found that 
no other circumstance of any kind alters the ratio. The ratio of the 
weights in this chemical process is as unaffected hy any known 
agency as is relative weight itself. 

What has been said regarding the ratio between acids and bases 
in the formation of neutral salts, is true of all cjiemioal processes, 
and not only when two substances change into a third, but however 
many substances interact and are formed. The weights of all the 
substances concerned are always in a definite ratio It also holds in 
the case of decompositions, when from one substance two or more 
result, or, m general, when the number of different products is larger 
than the original number of substances. Only such quantities are 
to be measiu-ed as have really taken part in the reaction or have 
resulted from it. 

This general law is known as the law of constant proportions. 
To a certain extent it has been known ever since chemical processes 
have been turned to industrial purposes, for it could not have escaped 
notice that the yield stood in a definite ratio to the amount of 
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material taken. It was first stated as a general and .strict law about 
tbe end of the eighteenth century by Proust, after C. L. Bcrthollot 
had denied its validity. In its most general form it is as follows. 

If A, B, C . . . . are the weights of different pure substances 
necessary for the formation of P, Q, H . • . . weights of now pimo 
sub.stances, all these weights are in definite, unalterable ratios. 

It may be remarked that this law can be proved in the case of 
salts without making a single quantitative experiment. If two 
different quantities of the acid A are neutralised with the requisite 
amounts of the base B, it is easily shown that the two neutral 
products remain neutral when they are mixCd. But this is possible 
only if the ratio is independent of the absolute quantity. If, for 
example, a larger quantity of acid requires more than the proportional 
amount of base, the mixture of the neutral salts will be acid, since 
their sum corresponds to a larger quantity of acid, and has been 
added to the (piantity of base con espoiiding to the smaller quantities 
of acid. The further fact that a neutral salt romaiiis neutral when 
it is subdivided or put together, proves that the neutralising or 
oombining ratio is independent of the absolute quantity. 

It has also been found experimentally, that a neutral salt 
remains neutral whether it is warmed, electrically charged, 
exposed to light, or subjected to other pliysical influences. We 
may therefore conclude that the ratio is not affected by any of these 
agencies, since the jiart in excess would he immediately recognisable 
by its reaction. 

These facts and considerations prove the validity of the law of 
constant proportions, but they throw no light on the numerical 
value of the ratios. For this quantitative experiments are 
necessary. 

Chemical Equivalents. — When twD different neutral salts are 
caused to react (the occurrence of the chemical process can frequently 
be observed), the neutrality is preserved. This apparently “self- 
evident” fact has unexpected and far-reaching consequences. 

Suppose the ofie salt to be formed from the acid A^ and the base 
Bj, the letters representing also the weights of the acid and base. 
The second salt, formed from the acid A, and the base B, is added to 
It until the chemical action (recognisable in some suitable manner) 
is at an end. Two new salts result, identical with those formed by 
the direct action of Aj on B^, and of Aj on Bj. Both salts are neutral. 

This prove.? that the acid and the base are in the same jiroportioii 
in them as in direct neutralisation Although these proportions 
were not directly introduced during the reaction, they were present, 
i.e. they wore conditioned by the other ratios. If theiefore A^ is 
neutralised with Bj, and A^ with B,, and the two salts are mixed in 
such proportions that A^ and B., are in the right proportion for salt 
formation, Ag and Bj, which remain, are also in the right proper- 
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tioti. For if they were in any other proportion, the excess 
of acid or base would bo shown by the disappearance of 
neutrality. 

As the same experimental result is obtained in whatever order 
the salts are combined, the following general law is reached. 

If wo start with an arbitrary quantity of an acid A^, and find the 
quantities of different bases Bj, Eg, Bj . . . which form neutral salts 
with Aj, and if wo find the quantities of different acids Ag, Ag, A^ 
. . . which form neutral salts with the quantity of the base Bj,, each 
quantity Aj, Ag, ... . forms a neutral salt with each of the 
quantities B,, Bj. . C 

If A and B are called the equivalent weights of the acids and 
bases, the law can be stated more briefly. Acids and bases 
combine to form neutral salts only in the ratio of their 
equivalent weights. 

It must be remembered that the quantity A, to which all the 
otliers are referred, was arbitrarily chosen. The numbers are only 
relative since the choice of a different quantity of Aj, or of any 
other acid or base, would load to a different set of figures. But they 
would be proportional to the other set, and the law would hold for 
these values. In determining equivalent weights we must agree 
upon an arbitrary initial value, exactly as in the case of the arbitrary 
unit of length or of mass. 

The above remarkable reasoning was developed by J. B. Richter 
about the end of the eighteenth century, but remained unnoticed 
by his contempioraries. Its significance was recognised only in our 
own times, and not always fully appreciated even then. 

Here, also, we find the explanation of the fact that the existence 
of a quantitative law was recognisable without quantitative experi- 
ments. It depends, as before, on the circumstance that deviations 
from the definite proportions required by the law can be recognised 
by means of the action of even slight excess of acid or base on 
vegetable colours. At the same time there remains the other 
circumstance, that the existence of the quantitative law can be 
deduced, but not the numerical values of the constants Similarly, 
the impossibility of perpetual motion indicates the existence of a 
quantitative law ; but special investigations were necessary for the 
determination of the coefficients of transformation, and the 
proof of the law was independent of a more or less accurate know- 
ledge of these coefficients. 

The Law of Combining Weights.— The law of equivalent weights 
is restricted to neutral salts, because the experimental basis, the pre- 
servation of neutrality, is obviously only ajjplicable to them The 
question is, whether there is not a more general experimental basis 
for a correspondingly wider law. 

Such a basis does exist. It consists in the fact that pure com- 
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pound substances form chemical compounds without residue, 
just like simple substances. Further, there is the general fact, 
already made use of in the case of salts, that the same substance can 
be produced in different ways, so long as the requisite elements take 
a suitable part in the reactions employed. It does not matter whether 
the salt AjBj is made directly from the acid and the base or 
by the interaction of the salts AjB,, and AgB^j the nature, and 
therefore the composition, of the salt remains the same. If the same 
result is obtained in different ways, it follows that these ways are 
not independent, but are limited by definite regularities or are related 
to one another. Otherwise the different ways would lead to different 
results. This is a general principle of extensive applicability in 
experimental sciences, and is the foundation of all the applications of 
the two fundamental laws of energetics. 

In the present instance, the circumstance that the same suhstaiico 
can be obtained by different methods, proves that a definite law is 
involved. The precise form of the law is obtained if we consider 
what are the characteristics of these different methods. The simplest 
case will make this plain. 

Suppose three substances A, B, and C, capable of forming binary 
compounds AB, AO, and BO, and also the ternary compound ABO. 
Make the ternary compound by the union of AB with 0 j then make 
it from AO and,B. In both cases the same substance ABC is 
obtained, in which the components are in a fixed ratio; it follows 
that the same ratios must exist iti the binary compounds. If 
this IS not so, ABC could not bo formed from AB and 0 without 
the separation of the excess of either A or B. The same is true for 
tho formation of ABO from AC and B, and from BO and A. For 
all these relations to hold at the same time, the three substances A, 
B, and 0 must combine in fixed ratios, which depend o nly on the_ 
substa nces th e mselves and not on the kind of compound into _which 
they pagg. 

The same proof holds for a fourth substance D, or for any 
additional number. From this we obtain tho following general law, 
tho specific ratios being called the combining weights of the given 
substances : 

Substances unite only in the ratio of their combining 
weights. 

What was said regarding the numerical values of the equivalent 
weights of acids and bases applies equally to combining weights. As 
the values are relative, some unit has to he chosen. And as was also 
the case with the units of weight and mass, unanimity was not at first 
attained on tho question of the choice of a unit. 

The experimental basis for the deduction of the law of combining 
weights is found in tho uncertainty, already mentioned on p. 110, 
whether the substances now regarded as elements are so in reality, or 
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are merely compounds which have hitherto withstood decomposition. 
If one single reaction was known, in -which a residue of any one 
component roniained over, it would be a proof of its non-elementary 
nature. Further than this, Berzelius (1810) and Stas (1867) 
made special experiments, in order to test the law in very delicate 
reactions more exactly than is possible in direct determinations of 
combining weights. Berzelius, for example, oxidised lead sulphide 
to lead sulphate, and tested in the liquid for excess of lead or of 
sulphuric acid, but found neither of them. The ratio of sulphur to 
lead in the sulphide is therefore exactly the same as in lead sulphate. 
He performed a similar'' experiment with barium sulphite, which he 
oxidised to sulphate. Stas reversed the process, reducing silver 
chlorate, bromate and iodato to the corresponding halogen compounds 
and showed that no excess of either silver or of halogen was recog- 
nisable. As these reactions are extremely delicate, and in the form 
in which Stas jierformed them wore made still more so, the proof was 
exact to 1 in 10,000,000. These examples were chosen solely on 
account of the aooiiracy with which deviations could be detected ; we 
may therefore generalise the conclusion in accordance with the laws 
of soieiitific induction, and state that the law of combining weights is 
so exact that deviations from it are below the limit of measui’ement. 

It should be noticed that these tests of the law are only an 
appropriate extension of tho idea of pure, substances. As 
explained on p. 65, a pure substance undergoes a change of state 
without the residue differing in any respect from the original substance. 
Here we have the same definition, extended from simple change of 
state to transformations of all kinds, and to chemical reactions in par- 
ticular. The law of combining weights is thus a consequence of the 
idea of pure substances ; we cannot define a pure substance as one 
which undergoes complete transformation without the residue ohang- 
ing, and not introduce by implication the law of combining weights. 

The Law of Multiple Proportions. — A special case arises when a 
compound unites with an element which it already contains The 
law of combining weights applies both to the quantity of that element 
already present in it and to that with which it unites , they are equal 
and the final compound contains double the amount of that element 
If the process can be again repeated, a product containing three times 
the combining weight of that element will he obtained. Tho same 
can occur with still higher stages of combination, and also with other 
elements in the compound. 

The result may be summarised as follows, elements can | 
combine to form compounds not only in the simple ratios 
of their combining weights, hut also in multiples of] 
them. The multiples must bo integral multiples of the simple 
combining weight. 

If two elements A and B caiFjunite to form various compounds, 
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the latter must he represented by a formula of the form mA + iiB, 
where m and n are whole numbers, and A and B are the combining 
weights. In general, all chemical compounds are capable of reiire- 

sentation by a formula of the type mA + nil + pC + ijD + , the 

coefficients being. whole numbers. The whole of chemical experience 
is in general agreement with this law. 

The first examples of this law were discovered simultaneously and 
independently by Dalton and Wollaston at the beginning of the 
nineteenth century. In text-books it is known as the Law of 
Multiple Proportions. 

The Atomic Hypothesis. — So far the istoichiometric laws are 
simply an expression of ascoitained facts, and possess all the certainty 
of inductive laws. With a view to render their general relations 
more clearly and to facilitate further conclusions, a method of repre- 
sentation has been adopted, from which the laws can he deduced. 
This representation is incapable of proof, except as to its conclusions ; 
as it is impossible to prove that no other representation can lead to 
the same consequences, it is obviously impossible to prove it to bo 
correct. But it is convenient, if it permits the consequences to bo 
developed in a clear and easy manner, thus facilitating further 
applications of the laws. 

Such representations are called hypotheses ; they always consist 
in applying known regularities to less known regions in which similar 
regularities have been noticed. Since mechanical science is the best 
known of all subjects theoretically, it has hitherto usually provided 
the mateiial for hypotheses. The present case is no exception, 
for it represents chemical regularities on the assumption of certain 
mechanical properties possessed by the substances concerned. 

This assumption is, that matter does not completely occupy space, 
hut consists of small particles, which, by their union, form what 
appears to us as matter. These small particles are called atoms. 
The atomic hypothesis dates from the ancient Greek philosophers, 
and has always played a part during the whole history of the science. 
Until the beginnilig of the nineteenth century it remained merely 
qualitative and indefinite; but Dalton (1803) essayed to apply it 
quantitatively and obtained satisfactory results. 

The first question he asked was whether the atoms of a given 
substance are all exactly alike, or merely similar like grains of 
sand. 

If the latter, it should be possible to prepare two samples of a 
substance, say water, with slightly different properties, just as sand can 
be separated 'into a coarser and a finer part by means of a sieve. At 
first sight this seems the case, for river water, spring water, and sea 
water are similar but not quite the same. Closer investigation shows 
the contrary. They are different because they are not pure, i.e. are 
not water and nothing else. When they are completely freed from 
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foreign substances they all yield water which is so alike in every 
respect that no recognisable difference can be detected. 

Prom this Dalton concluded that the atoms of any one pure sub- 
stance are exactly alike. This consideration, which is the necessary 
basis for the deduction of the laws of stoichiometry from the atomic 
hypotliesis, is the figurative equivalent of the property of transfor- 
mation without leaving a residue (p. 114), which as a base for the 
law IS entirely free from hypothesis. 

Dalton made the further assumptions that chemical compounds 
are formed by the union of atoms of the components or elements in 
fixed numbers, and each'eompound contains the atoms of its elements 
arranged in a definite manner. 

The stoichiometric laws can be deduced directly from these 
assumptions. Since the atoms of each element are exactly alike, 
their weights are the same. And as atoms can only unite in whole 
numbers, the proportion by weight of the elements m a compound 
is given by the product of the number of atoms of the element 
present and the weight of a single atom. Thit is the law of combin- 
ing weights, which, as already explained, embraces all the other laws. 
The combining weight thus becomes the (relative) atomic 
weight. 

In consequence of the great simplicity of this method of re- 
presentation, Dalton’s atomic hypothesis has nob only been used to 
assist begiimers in gaining a knowledge of the facts of chemistry, 
but is the predominant method of scientific representation. It must 
he admitted that, so far, it has always been possible to frame the 
hypothesis in such a way as to lepresent all other chemical re- 
lations in terms of it. Indications are not wanting that the, limit 
has almost been reached, and the opinion that it is inadequate in 
many respects is gaming ground. 

Although most of the subjects treated in this book can be dis- 
cussed without making other than occasional use of the atomic 
hypothesis, nearly the whole of our present nomenclature has de- 
veloped on the lines of this hypothesis; and Co attempt to do 
without it would entail the creation of a new nomenclature, For 
this reason the old names will still be used, involving a formal 
retention of the hypothesis, but the tendency of the book is towards 
a direct statement of the facts and of the laws deducible from them, 
with the object of placing their general bearings in a clearer light ; 
further, a more correct estimate of the phenomena can be obtained 
by the exclusion of extraneous matters. 

The Table of Elements. — The only way of learnirfg whether a 
given substance is simple or compound is to assume that it is com- 
pound and apply all known niolhods to effect its decomposition. 

If the products we obtain always weigh more than the substance 
itself and never less, no matter to what changes it has been subjected, 
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then, provided each change is complete and accompanied by no loss of 
substance through our imperfect methods, we are constrained to regard 
that substance as an element. 

The conception of an element in the chemical sense is therefore 
that of an undecomposed, not of an undeconiposable substance, 
and is consequently liable to some extent to change, being specially 
dependent on the rosources of chemical analysis, so that it must 
remain quite uncertain whether or not the substances called elements 
have any real title to the simplicity implied in the name. 

The number of elements hitherto discovered is about eighty ; an 
exact figure cannot be given, as the record of.somo substances usually 
looked on as elements is not yet closed and their claims are therefore 
doubtful. The following is a list of the undoubted elements ^ : — 


Aluniiiuutn 

A1 

Buropuira 

Ell 

Molybdenum 

Mo 

Sliver 

Ag 

Antimony 

Sb 

Eluoniie 

F 

Noodyinium 

Nd 

Sodium 

Na 


A 

Godoliniuni 

Gd 


No 

Strontium 

Si 

Arson 10 

As 

Gallium 

Ga 

Nickel 

Ni 

Sulphiu 

S 

narmm 

Ba 

Germaiiiuiu 

Go 

Nitrogen 

N 

Tantalum 

Ta 

Bismuth 

Bi 

Qluonium 

G1 

Osmium 

Os 

Tellurium 

To 

Boron 

B 

Gold 

All 

Ovygeii 

0 

Terbium 

Th 

Bi oiiiiiio 

Br 

Helium 

Ho 

Pahidium 

Pd 

Thallium 

T1 

Cadniimii 

Cd 

Hydiogen 

H 

Phosphorus 

P 

Thoiinm 

Th 

Orcsuim 

Os 

Indium 

In 

Platinum 

Pt 

Thulium 

Tu 

Oaloium 

Ca 

Iodine 

I 

Potassium 

K 

Tin 

Sn 

Carbon 

0 

'liidiiiin 

Ir 

Pinseodymiuni 

Pr 

'fitamuni 

Ti 

Curuuu 

Ca 

Iron 

Fo 

liaduini 

Ra 

Tungsten 

W 

Chlorine 

Cl 

Krypton 

Kr 

Rhodium 

Rh 

Uramuni 

U 

Chroiuiiim 

Cr 

Lanthaiiiini 

La 

Rubidium 

Rh 

A'^anadium 

Y 

Cobalt 

Co 

Lead 

Pb 

Rutlioiiiuin 

Ru 

Xouoii 

Xe 

Columbium 

Ob 

liithinm 

Li 

bamariuin 

Sin 

Ytteibuim 

Yb 

Copper 

On 

tlagnesmm 

Mg 

Scandiutii 

So 

Yttiiiim 

Y 

Dysprosium 

Dy 

Manganese 

Mn 

Seleiiiiini 

So 

Zinc 

Zn 

Erbium 

Er 

Mercury 

Hg 

Silicon 

Si 

Ziiconium 

Zr 


It IS presumed that the reader, from his knowledge of descriptive 
chemistry, is alrwdy sufficiently acquainted with the nature and 
properties of the chemical elements, so that these may be passed 
over here. Attention need only he drawn to one point, viz. that, by 
far the greater number of the elements are metals, the similarity 
of whoso properties forms one of the arguments which speak in 
favour of the assumption that the elements are substances of the 
same order. 

To the names of the elements in the above table are affixed their 
^ In oonseqnelloe of the latest lesearohcs of Ramsay and liis co-woikers, the 
elomontary nature of the siihstaiices hitherto rogurdod as eleracuts and so termod 
above is doubtful. But until the new relations have been coiiqiletely cleared up liom 
a soientific point of view, there is no other course th<aii to retain the old method of 
representatiou, with a repeated warning of the piovisional chaiactor of our dutor- 
nunatiou of elements. 
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abbreviated symbols. Such symbolic representations have been in 
vogue in chemisti-y from the earliest times, when in particular the 
metals obtained the signs of the planets. They had at first only 
a qualitative significance, and .stood simply for the name of the 
subatance. With the discovery of the law of combining weights, 
however, they received an extended, quantitative, meaning, as they 
then had to repiesent a combining weight .of the substance in 
question. Dalton, immediately after propounding the atomic hypo- 
thesis, elaborated such a system of symbols, which, however, con- 
sisted of arbitrary signs, and consequently made great demands on 
the memory. Berzelips was the first to invent a really practical 
symbolic notation, namely that in which the first one or two letters 
of the names of the elements were used to represent their atoms. 

Chemical Formula. — Chemical compounds are symbolised by 
writing the elementary symbols alongside each other. If several 
atoms of an element are present m the compound, its symbol is in 
gonei'al not repeated, but has merely the number of the atoms affixed 
to It, commonly in the place of the mathematical index, more un- 
usually prefixed as a factor. In complex formulae a great saving of 
space 18 thus effected. 

The significance of chemical formulae is not exhausted by the in- 
dication of the nature and number of the atoms. In the first place, 
as a knowledge of the relative combining weights is postulated, they 
give us complete information regarding the relative masses of the 
'.elements in the compound. Again, it is sought through them to 
give a representation of the more or less intimate relations in which 
the atoms stand to each other in the molecule. With this intention 
we write constitutional formulae, in which these relations are 
exhibited by the relative positions of the symbols. 

Estimation of Comhining Weights. — According to a preceding 
section (p. 115) there exists for each' element a definite number, 
which either by itself or when multiplied by a whole number 
dotormiuos the mass and weight of that element that enters into' its 
compounds. This niuuber, the combining- weight, can only be 
determined relatively, i.e. that of one element must be arbitrarily 
fixed, those of the other elements being referred to this value. 

Considered from the point of view of the atomic hypothesis, 
these numbers are the relative masses or weights of the atoms, and 
are therefore usually called atomic weights. We may use in the 
following pages the hypothetical name “atomic weight,” as it is now 
employed in all branches of chemical literature and as no grave error" 
is likely to arise from its use. 

The determination of the relative combining or atomic weights 
was the most important task experimental chemistry had to under- 
take after the discovery of the fundamental laws of mass, For if 
these constants were once correctly determined, it became possible to 
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calculate the relations of mass in all chemical compounds nibh this 
same degree of accuracy after the relative iiumhers of the different 
atoms had boon ascertained by an analysis of only approximate 
correctness. 

At first it was practically Berzelius alone who devoted himself to 
this task, and executed it in a comprehensive way with a degree of 
certainty and accuracy quite extraordinary for Ins time. His numbers 
therefore enjoyed the greatest confidence, especially on the Continent. 
In England somewhat diiferent numbers were in use, in consequence 
of a hypotliesis which will be discussed later. When these numbers, 
however, were subjeoted to a revision by»Turner, the values of 
Berzelius were found to be confirmed in the most striking manner, 
BO that the confidence in the accuracy of tho latter reached at this 
time its highest point. 

Meanwhile the most careful experimenters, in the course of the 
analysis of organic compounds containing only carbon and hydrogen, 
found numbers which made tho sum of the components appear 
greater than the quantity of substance taken. As, in the analysis, 
carbon is weighed as carbon dioxide, and hydrogen as water, there 
remained nothing but to conclude that the quantity of the element 
in question which the one or the other contained had had a wrong 
value assigned to it in the calculation. Eesearches of Liebig and 
Redtonbacher, Dumas and Stas, Erdmann and Marchand, 
which wore maddto test this, all went to prove that Berzelius in 
his determination of the atomic weight of carbon had made a coin 
siderable error, one of about two 2 ier cent. 

This wholly unexpected discovery (1841) created a perfect panic 
amongst chemists. The height of confidence formerly felt in the 
numbers of Berzelius was now equalled by the depth of distrust 
conceived for them, and this distrust was considerably enhanced by 
the position assumed by Dumas with regaid to the question. An 
active revision of Berzelius’s numbers at once commenced, tho 
result of which was to show that this error was by far the largest, 
in fact almost tho only one he had committed ; the numerous re- 
determinationa all confirmed the correctness of the other values 
found by this conscientious experimenter. 

Since then revisions and redeternunations of the atomic weights 
have been steadily in progress. Thrice, however, they have received 
a special impulse. First, a hypothesis advanced by Front and 
Meinecke stating that all atomic weights were multiples of that of 
hydrogen incited to a great number of extremely accurate researches, 
iu particular to those of Stas. Again, tho relation discovered by 
Meiidelejeff and Lothar Meyer between the masses and the other 
properties of the atoms occasioned many investigations, for in 
particular cases the general relation seemed not to htfld, and as a 
probable cause of this was the inexact determination of the atomic 
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ireights, a revision of those became necessary Finally, the 
cironmstance that a systematic recalculation of the existing determina- 
tions of the combining weights about twenty-five years ago, directed 
attention to the incomplete nature of many of the determinations, 
and led to renewed researches. Th. W. Richards has rendered 
great service in this work. 

Unit of Oombming Weight. — As we can at present determine the 
values of the atomic weights only relatively, we have in the first 
place to fix the unit to which they may all be referred, i.e. the atomic 
weight of one of the elements must be arbitrarily fixed equal to a 
certain number. Dalton adopted hydrogen as his standard, as its 
atomic mass was the smallest of all. Berzelius subsequently 
abandoned this unit for the following practical considerations. 
Thore are very few hydrogen compounds that are capable of being 
analysed with exactness, so that the ratio between the atomic weight 
of hydrogen and that of other elements can only be determined for 
the most part indirectly Oxygen, on the other hand, forms very 
suitable compounds with nearly all the elements, and so Berzelius 
chose it as liis standard substance, setting its atomic weight not 
equal to unity, but to 100, so that the other atomic weights might 
he of convenient magnitude. Later on, chemists returned to 
Dalton’s unit, because hydrogen had become in other respects a 
standard substance m the science. A practical difficulty has, 
however, arisen from this, viz. that all the values Of atomic weights 
Avhioh have been determined with respect to oxygen — and that is the 
great majority — must be calculated by the aid of the ratio Hydrogen ; 
Oxygen. Unfortunately this ratio was until lately by no means 
accurately known - the iiossible error in it amounted to much more 
than the error in a large number of atomic weights of elements 
compared to that of oxygen, so that by this method of calculation 
the results were affected with unnecessary inexactness. 

It is therefore most practical to formally retain Dalton’s unit, 
but really to return to that of Berzelius by arbitrarily setting the 
atomic weight of oxygen, which is very approximatroly sixteen times 
that of hydrogen, equal to 16. 

The ratio betn^een oxygen and hydrogen is now known with 
si^cient accuracy, thanks to a serie.s of excellent researches. But 
the determination of this ratio is so difficult that many other atomic 
weights could have been determined with less error with the same 
expenditure of time and skill. This drawback 13 not removed, and 
will again become apparent when work on the other elements has 
made sufficient advance. 

It^ was therefore not without good reason that the German 
Chemical Society in 1898 resolved to recommend its members to 
adopt 0= 16-000 as the unit for calculation. Since then an inter- 
national agreement to the same effect has been arrived at. 
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This IS the same mode of procedure that recommended itself as 
the only practical one in fixing the metric unit of length. The 
metre was originally intended to be a ten-millionth part of the earth’s 
quadrant. The determination of this value, however, by geodetic 
measureniout is susceptible of much less accuracy than the process of 
making copies of this length once it is determined, so that we run 
the danger of getting a sensibly different metre at every now 
measurement of arc. It was therefore agreed to accept the original 
measure of length kept in Pans and constructed in the above way as 
the real metre, and to give up its relation to the earth’s quadrant 
altogether. ^ 

Examples, — Of the numerous researches that have been under- 
taken with a view to fixing the atomic weights of the various 
elements only a few can be mentioned here. But at least the most 
important of the methods employed will be illustrated by oxamjiles. 

The atomic weight of hydrogen when that of oxygen is fixed at 
16 is ajiproximately 1. The first of the more exact determinations 
was carried out in 1819 by Berzelius and Duloiig according to a 
method which has since been retained by almost all other investigators. 
It consists in leading pure, dry hydrogen over rod-hot copper oxide. 
The hydrogen takes up oxygen from copper oxide to form water, 
which IS then collected in suitable vessels, the last particles of 
water vapour being held back by dehydrating agents such as 
sulphuric acid or phosphorus pentoxide 

In the three experiments 30'519 g of water were obtained. Tbo 
copper oxide, which was weighed before and after the experiment, 
lost 27 129 g. This represents the oxygen contained in the water; 
the quantity of hydrogen therefore is 30'619 - 27T29 = 3 390 g 
In water we assume that there are two atoms of hydrogen to one of 
oxygen , if the mass of the latter is 16, the following proportion will 
hold, [H] being the atomic weight of hydrogen. 


16:2[H] = 27 129:3-390, 
16 x 3-390 , 


Similar experiments with similar results were later performed by 
Dumas and by Erdmann and Marchaiid. All these investigators 
concluded from their measurements that the ratio H 0 is 1 : 16 00. 

But whan later Stas {I860) gave out, on the ground of some 
unpublished work, that he believed the ratio to be too high 
L. Meyer recalculated the old data and found 15 96 for oxygen 
when H=l. ■ This value received confirmation from Eegnault’s 
(erroneous) estimation of the density of the gases, from which the 
combining weights can be obtained in a manner which will be 
described later on. 

In consequence the use of atomic weights referred to 0=16-96 
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extended, while on the other hand the uncertainty of this figure 
was emphasised and the arbitrary unit 0 = 16 00 was recommended. 
To compose the difference by finally settling the important constant 
numerous investigations have been made since 1887, and very 
different mothod.s have been employed. Cooke and Richards 
cliangod Berzelius’s process by weighing the hydrogen and the 
water. Similarly, Reiser (1888 and 1899) weighed the hydrogen 
in the form of palladium hydride. Rayleigh (1889) weighed both 
gases separately, and determined the ratio by combining them a little 
at a time in a eudiometer. He also used for the calculation the 
volume ratio as found by Scott. Noyes (1888 and 1906) 
admitted hydrogen to an evacuated bulb, which contained 
copper oxide, found the increased weight due to hydrogen, then 
expelled the water and thus obtained its weight. Dittmar and 
Henderson (1890), also Leduc (1892), repeated the experiments of 
Berzelius, taking into account the sources of error which had been 
discovered. Morley weighed the two gases separately (the hydrogen • 
in palladium) and then the water (1895). He also in a masterly 
research determined the densities and the volume ratio Thomsen 
determined the ratio iii which ammonia and hydrochloric acid unite, 
and Oil the basis of the values for chlorine and nitrogen found by 
Stas, ho calculated the value for hydrogen (1894). In another 
series of experiments ho determined the weight of hydrogen liberated 
by the action of aluminium on potassium hydhoxide, hurul, the 
hydrogen and weighed the water (1895). Lehfeld compared 
hydrogen and silver by electrolysis. With 0=16, the following 
have been found for hydrogen. Cooke and Richards T0069, 
Reiser 1‘0031 (later 1‘0076), Rayleigh 1‘0072, Noyes l'OO06, 
Dittmar and Henderson 1‘0087, Leduc 1'0059, Thomsen TOOO 
and T0082. Morley’s determinations are to be regarded as 
the most reliable of all the recent work, and from them H = T00762. 
This is the value we shall adopt for future use ; for many purposes 
it can he rounded off to H = I'Ol. 

The Silver Method . — A good example of if somewhat more 
complicated mode of procedure for the determination of atomic 
weights is to be found in the method, again given by Berzelius, for 
chlorine, potassium, and silver, and it was afterwards employed by 
several chemists, in particular by Marignac, Stas and Richards, 

Potassium chlorate, RCIO 3 , is decomposed by heat into RCl + SO. 
Stas, taking in such an experiment 127-2126 g. chlorate, found 
77-4023 g. potassium chloride in the residue, consequently 49-8102 g. 
oxygen had been driven off. Now as three atoms of oXygen are con- 
tained in the potassium chlorate, we can set the following proportion, 
where [RCl] is the formula-weight of potassium chloride RCl ; 

3x16: [RCl] = 49-8102 ; 7'7-4023, 

[KOI] =74-59. 
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The formula-weight of potassium clilovido is theroforo 74'59, 
i.e. the sum of the atomic weights of potassium tuul ehloriuo is equal 
to this number, 

To get the separate values from this the combining-weight of silver 
chloride was obtained by its aid For this purpose a known quantity 
of potassium chloride was precipitated by excess of silver solution and 
the silver chloride washed and weighed In this way Marignac (1846) 
obtained from 14’427 g. potassium chloride 27‘732g. silver chloride, 
so that the combining-weight of the latter may be found from the 
■proportion 

74-590 . [AgCl] = 14-427 07-733 
to bo [AgOl] = 143-37. 

Lastly, the ratio of chlorine to silver in silver chloride was de- 
termined by the transformation of a known weight of silver into silver 
chloride, the weight of which was also ob.served. This transformation 
. can be brought about in various ways j wo can heat the silver in a 
stream of chlorine, when it goes directly into silver chloride, or wo may 
first dissolve it in nitric acid so that it becomes silver nitrate, which 
IS then converted into silver chloride by precipitation with hydro- - 
chloric acid, ammonium chloride, or any other suitable compound of 
chlorine. The same ratio between silver and silver chloride is always 
obtained, no matter which process we adopt. J?rom such experiments 
I select one by Stas, who found that 101-519 g. silver gave after 
heating in a stream of chlorine 134-861 g. silver chloride. As the 
formula-weight of the latter was found above equ.al to 143-37, we get 
the atomic weight of silver from the proportion 

143-37 :[Ag] = 134-861: 101-519, 

[Ag] = 107-93. 

The atomic weight of silver is consequently Ag= 107-93, From this 
follows further, since Ag01= 143-37, that the atomic weight of 
chlorine is 143 37 - 107-93 = 35 44. Lastly, if we subtract this 
value 01 = 35-44* from the number obtained in the fiist series, 
KOI = 74-69, the atomic weight of potassium follows as K= 39-15. 

For the three alkali metals Stas employed the method of silver 
titration, originally worked out for quite another purpose by G-ay- 
Lussae, and used for the first time by Pelouze (1845) in atomic 
weight determinations. 

If a silver solution be added in small quantities at a time to the 
solution of a chloride, we can easily tell the moment w-hon all the 
chlorine has' gone into silver chloride by a further drop of silver 
solution producing no cloudiness in the liquid which has been made 
clear by shaking and allowing to stand. 

For example, 10-6249 g sodium chloride wmre weighed out ; this 
required a quantity of silver solution which contained 19-4160 g. 
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silver dissolved in nitric acid. If [NaCl] be the combimng-weight of 
sodium chlorule, it follows, as 107'93 is that of silver, that 
[NaCl] : 107-93 == 10-5249 : 19-4160, 

[NaCl] = 68 50. 

In this way, then, the value for the chloride is obtained ; if the 
atomic -weight of chlorine, 36-44, be subtracted from this, then we 
have that of sodium, ]Sra= 23-06. In a similar way that of lithium 
was found to be Li = 7-030. 

For nitrogen, silver was transformed into silver nitrate, In one 
such experiment 77-2684 g. silver gave 121-6749 g. nitrate, whence, 
according to the proportion 

[AgNOg] : 107-93 = 121 6749 : 77-2684, 

[AgN03] = 169-96, 

the oombining-weight of silver nitrate AgNOg is 169'96, and from this, 
by subtracting Ag = 107*93 and 30 = 48*00, we get the atomic weight 
of nitrogen N = 14*02. 

It must be explicitly understood that the figures given above are 
the results of actual experiments, and are therefore liable to orror 
The most probable values are given in the following comprehensive 
review. l 

The Ooinhining- Weights of the Elements. — The experiments^ 
described above give examples of the different general methods adopted 
for the determination of atomic weights. In the following pages short 
notices of the methods employed in each case and the most accurate 
of the numbers obtained are given for all the elements. 

1. Jlumimum . — Berzelius in 1812 obtained the number 
A1 = 27*32 by igniting aluminium sulphate. With this result derived 
from a single experiment at the very beginning of such researches the 
chemical world was content for over thirty years, till Tissier (1868), 
and after him many others, determined the constant anew The 
number at present recognised as correct was obtained by Mallet 
(1880), who from the ignition of crystallised 'ammonium alum 
(2NH^AlS20gl2H20 : AljOg) found Al = 27*12, by titration of 
aluminium bromide with silver solution A1 = 27*11, by combustion of 
the hydrogen evolved by weighed quantities of aluminium from 
potash (2A1 : 3H20)A1= 27*06, and by measurement of the hydrogen 
got in the same reaction Al= 27*04. Thomsen (1896) found by 
the hydrogen method Al = 26*98 j Baubigny (1883) converted the 
sulphate into oxide and obtained Al = 27*06 Al = 27*l may be 
accepted as the most probable value of the atomic weigh't 

2, Antimony. — ^The atomic weight of this element was till 1856 
only roughly known. By reduction of natural antimony glance from 
Arnsberg by means of hydrogen (SbaSg : 2Sb) Schneider (1856) 
obtained Sb = 120*6, while Eose (1856) from the analysis of SbOlj 
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found Sb = 120'6. It is true that Dexter at the same time got higher 
numbers by oxidation of antimony to tetroxide by means of luti ie 
acid (2Sb ; SbjjO^), these being apparently confirmed by Dumas’s 
titration experiments with antimony chloride and silver solution 
(1859) j but a thorough investigation by Cooke (1880) proved that 
Schneider’s number ivas correct. The erior in the determinations 
of Dumas lies in the fact that such easily decomposable chlorides as 
antimony chloride are scarcely ever to be obtained in a state of purity. 
The least trace of aqueous vapour forms oxychloride, while bydro- 
ohloric acid escapes, and the oxychloride cannot be completely 
separated from the chloride by distillathm. Consequently the 
preparation contains too little chlorine and the atomic weight comes 
out too high. 

The experiments of Cooke consisted of syntheses of antimony 
sulphide (2Sb ; Sb^Sj), determinations of the bromine in antimony 
bromide (SbBr^ : 3Agbr), titrations of antimony bromide with silver 
solution (SbBrg ; 3Ag), and determinations of the iodine in antimony 
iodide (Sbl^ : 3 Agl). The mean is Sb= 120 3. Later experiments 
of Schneider (1880), also on the sulphide, gaveSb= 120'4. 

This number has since been repeatedly confirmed. Experiments 
on a new principle were performed by Pfeifer (1881) and Popper 
(1880) According to Faraday’s law of electrolysis (see below), the 
same current separates from dilforent electrolytes equivalent quantities 
of their components. If a current, therefore, be passed through a 
silver and an antimony solution successively, the deposited quantities 
of the metals must be in the proportion of their “equivalents,” i.e. 
in the proportion Sb : 3Ag. In this way Sb = 120‘7 was found. A 
series of experiments by Bongartz (1883), in which the sulphur in 
antimony sulphide was transfoimed into barium sulphate, yielded the 
value Sb = 120‘6. Friend and >Smith (1901) heated tartar emetic 
in a current of hydrochloric acid, and weighed the residual KGl ; 
C^H^KSbOy . KOI = 1 : 0-23048 This gives Sb = 120-37, which is 
probably very near the correct value. We put Sb = 120-4. 

3 Argon . — This remarkable constituent of the atmosphere forms 
no known compounds : its iirobable formula-weight must be deduced 
from its gas density. The value for this given by its discoverers, 
Eamsay and Rayleigh (1895), lead to A = 39-86; later more accurate 
measurements on carefully purified material by Ramsay and Travers 
(1900) gave the density 19-88, from which A= 39-96. 

4. Aisenk. — This element has been the subject of but few 
researches. An iiiterestiiig method was employed by Berzelius 
(1818), who Iieated arsenic tnoxide with excess of sulphur. The 
loss of weight from the escaping sulphur dioxide ( 2 A 820 ;j -(-98 = 
2 As2Sj -t- 3 SO 2 ) yields the required relations. The number obtained 
by Pelouze (1845) and Dumas (1859) by titration of arsenic 
trichloride with silver solution, was As = 75-0. Later investigations 
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by Wallace (1SD9) and Kessler (1855-61) by various methods are 
not free from error. Hibbs (1896) heated sodium pyroarsenate in a 
stream of liydroohlorie acid and woighed the sodium chloride. It 
gave Na^Asp^ : NaCl = 1 : 0-6610. Ebaugh (1901) converted silver 
arsenate into silver chloiide in a current of hydrochloric acid, and 
reduced the chloride to silver by means of hydrogen. He repeated 
these experiments with lead arsenate and hydrochloric acid and 
hydrobromic acid. The ratios were Ag^AsOj : SAgGl ; Ag -- 
1 ; 0-92944 ; 0 69966, and 2Pb3As203 : aPbCh SPbEr^ = 1 : 0-92731 
1-32442. From this and the best of the older results As = 75-02. 

6. Barium. — The atomic weight of barium was determined first 
by Berzelius (1811) from the transformation of the carbonate into 
the sulphate (BaSO^ : COj), later by him and many others (Turner, 
1829; Palouze, 1845, Marignac, 1848 and 1868; Dumas, 1869) by 
means of the precipitation of the chloride by silver solution Besides 
these processes there are a few other less exact methods which need 
not be mentioned. The older work is quite eclipsed by the 
reseai-ohes of Richards (1893) who determined with great exactness 
the ratio of barium chloride and barium bromide to silver. From 
his work Ba= 137 37. 

6. Bimuth . — For the atomic weight of this metal an incorrect 
value has almost always been in use. The exjjenments of L a g e r h j e 1 m 
(1816) and Gmelin (1843) had given too high results, and though 
Schneider (1851) by oxidation of the metal had fixed the value 
rightly at 208, yet on the authority of Dumas, who obtained (1869) 
too high results by the method of silver titration, the wrong figures 
were used almost exclusively. Only recently have they been given 
up, as both Lowe (1883), by oxidation of the metal, and Marignac 
(1883), by transformation of the oxide into the sulphate and by 
reduction of the oxide to metal in a current of hydrogen, found a 
smaller number, m agreement with Schneider’s determination, This 
has again been called in question by Classen (1890) who from the 
conversion of metal into oxide by heating the nitrate, obtained 
Bi = 209. Schneider repeated his work and agaiif found 208. This 
number is confirmed by a new investigation of Gutbier (1908). He 
oxidiiied very pure bismuth to the trioxide and found 2Bi ; 30 = 
0-89656 : 0-10344, which gives Bi = 208-0. 

7. Baron. — To detei-mino this atomic weight Berzelius (1824) 
established the percentage of water in crystallised borax, whence 
follows B=1101. With this number we had to be content until 
1892, as some analyses of the chloride and bromide by Deville (1859) 
gave numbers which did not sufficiently agree amoilg themselves. 
Then a number of new determinations wore made. Abrahall (1892) 
analysed boron bromide, Ramsay and Aston (1893) estimated the 
percent-age of water in borax, and converted it into sodium chloride 
and silver chloride. Eimbach (1893) titrated borax allcalimetrically 
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with methyl orange as indicator. Armitage (1898) determined the 
water in borax, and the ratio of borax to sodium sulpliato. Gautior 
(1899) converted boron sulphide into barium sulphate, boron carbide 
into carbon or carbon dioxide, boron bromide into silver bromide 
and the chloride into silver chloride. As mean B = 11 '0. 

8. Bromine. — The older determinations of the atomic weight of 
bromine by Balard (1826) and Liebig (1826) give too low results, as 
the material was not free from chlorine. Berzelius obtained a better 
value by heating silver bromide in a stream of chlorine, when it was 
converted into silver chloride. Marignac executed a senes of experi- 
ments KBr0.j : KBr, KBr : AgBr, Ag : Br = AgBr — exactly simjlar to 
that described on p. 124, only bromine occupied the place of ehlorine. 

Stas, finally, reduced silver bromate to bromide, and determined 
the ratio Ag : Br in the latter. His experiments wore executed on a 
much larger scale and with much more extensive resources than 
Marignac’s ; yet both series gave quite the same result. Baxter 
(1906) determined the ratio Ag : AgBr by the synthesis of the bromide 
and found 0’574453 : 1. Conversion of silver chloride into silver 
bromide gave AgBr : Ag01= 1 •310171 : 1. These agree with each 
other and with Stas’s results. The most accurate value, Br = 79‘913, 
was obtained from the ratio Ag • Br, which was frequently obtained 
by Bichards, Baxter and co-workers in the determinations of other 
corabining-weights. 

9. Cadmium. — Up to the year 1857 a number was used for the 
atomic weight of cadmiiun which rested on a single datum given by 
the discoverer Stroinoy er (1818), but which was afterwards shown to 
be tolerably aceimate. Of the later investigators, von Hanoi (1857) 
converted cadmium sulphate into sulpliido by ignition in a current of 
hydrogen sulphide; Dumas (1859) titrated the chloride with silver, 
Leiissen (1860) analysed cadmium oxalate; and lastly Huntington 
(1881) analysed the bromide both gravimatrically and volumetneally 
by converting it into silver bromide. A later research by Partridge 
(1890) made no advance, and the estimation of the ratio metal : oxide 
by beating the nftrate (Morse and Jones, 1892) is open to the 
objection that complete decomposition of the nitrate by heat is 
difficult to attain. The same investigators also analysed the oxalate, 
and applied (1898) a correction for occlusion in the oxide. Bucher 
(189'2) repeated nearly all the methods Morse and Arbuckla 
(1898) determined the ratio GdCL : Cd= 1 ; 0 8752 Lorimor and 
Smith (1892) eleetrolytically reduced the oxide, and Hardin (1896) 
also employed electrolytic methods. Baxter, Hines and Frevert 
(1905) converted the chloride and the bromide into the silver salts 
and found CdCl., • 2AgCI =1:1 66365, CdCl., ; 2Ag = 1 ; 1 1 771 3, 
CdBi'o . 2AgBr = I- 1-37962, CdBr„ 2Ag = 1 : 0-79210. From these, 
Od= 112-4, in close agreement with Morse’s number. 

10. Caesium. — The number for this element was first determined 
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by woigTiing the silver chloride obtained from a given quantity of 
caesium chloride The older experiments of Bunsen (1861) and 
Johnson ami Allen (1863)were made with impure material. More 
accurate results of Godeffroy (1876) gave 132-6. Eiehards and 
Archibald (1903) found AgCl • OsCl= 1 ; 1-17401, and Ag : Cs01-= 
1:1-55963. Conversion of caesium nitrate into oxide gave NjOg : 
CsoO = 1:2 60693, of the bromide into silver bromide or into silver 
Csilr ; AgBr = 1 ; 0-88377, and CsBr : Ag = 1 : 0-60710. This makes 
Cs= 132 81. 

11. Oaldum . — ^Although calcium occurs in the earth’s crust in 
greater quantity than any other metallic element, its atomic weight 
is nevertheless not known with a certainty corresponding to its 
importance. Berzelius at the very beginning of his researches 
(1811) performed one single analysis of calcium chloride, and with 
the number calculated from this, which also contained a clerical error, 
chemists were satisfied for the next thirty years, when Dumas (1842) 
made some determinations by igniting Iceland spar (OaOOg : CaO). 
Thereupon Erdmann and Marchand undertook a long investigation 
(1842-50), employing various methods, the final result of which was 
a single faultless experiment on the loss of calcium carbonate when 
ignited. This gave Oa = 40-0. The uncertainty which exists as to 
tins value is not diminished by a series of experiments made by 
Dumas (1859), who titrated calcium chloride with silver, as the 
preparation of the chloride quite free from oxide presents great 
difficulties, which Dumas does not prove himself to have overcome. 
Herzfeld (1897) repeated the analysis of the carbonate, but 
Hinricbsen’s (1902) experiments were the first to yield good 
results. They lead to Ca = 40-12, in close agreement with the 
analysis of the chloride by means of silver made by Eiehards (1900). 

12. Oarboti — The determination of the atomic weight of this 
element was at first founded by Berzelius on the observation that 
oxygen does not increase in volume when converted into carbon 
dioxide ; therefore the atomic weight of oxygen is to that of carbon 
dioxide as the specific gravities of the two gases.” This is not, how- 
ever, strictly correct ; the volume of the carbon dioxide is somewhat 
smaller than that of the oxygen, and a false value thus arose which 
was only corrected in 1841 by the researches of Liebig and Eedten- 
bacher, of Dumas and Stas, and of Erdmann and Marchand 
(p 121). The value 0=12-00 found by these chemists has been 
confirmed several times by later investigators, eg. by Stas (1849) 
from the combustion of carbon monoxide, by Eosooe (1882) from 
the combustion of Cape diamonds, in the same way by Friedel 
(1886), and lastly by van der Plaats (1886), who burned sugar 
charcoal, graphite, and paper charcoal. Parsons (1906) calculated 
from his experiments with glucinum salts (see these) 0 = 12-007. 
Therefore we may put with great certainty 0 = 12-00. 
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13, Qarium . — Tlie dotormiuation of tlio atomic woigit of this 
element lias been one of uncommon difficulty. The difficulty lay, 
not so much in the analytical methods, but rather in the separation 
of the cerium compounds from those of the other earths which 
accompany them. It is on account of this circumstance that difi’orent 
chemists, working with equal care, have arrived at very different 
results. 

The oldest determinations by Hisinger (1816) were made at a 
time when lanthanum and didymium, which always accompany cerium, 
were not yet discovered. Beringer (1842) ^was the first to work 
with anything like pm’e preparations. He analysed the chloride and 
sulphate. Later researches by Hermann, Eammelsborg, Marignac, 
Jogel, Wolf, and Biihrig showed that according to the origin and 
method of purification of the cerium preparations employed, very 
different atomic weights (between 130 and 140) are obtained. Only 
recently have Robinson (1884) and Brauner (1885) obtained con- 
cordant results with carefully purified material in quite independent 
researches. The metliod was that of converting the sulphate into 
the oxide by ignition, and the result obtained was Ce = 140‘2. This 
concordance seems to have been accidental, for Schiitzonbergcr 
(1895) showed that fractional crystallisation of cerium salts yielded 
fractions of different colour and different atomic weight. Brauner 
confirmed this, and. determined the atomic iveighta of the various 
fractions. Further experiments by Wyrouboff end Verneuil (1897) 
and by Kolle (1898) were on the change of the hydrated and an- 
hydrous sulphates into oxide. They gave Co=139‘4 to 138‘8. 
Finally, Brauner and Batek (1903) in a very thorough investigation 
transformed the sulphate and the oxalate into oxide. The result was 
0e = 140'25. 

14. Chlorine — The method first emjiloyed by Berzelius has 
already been given on p 124, and by its means the atomic weight 
of this element has finally been fixed. The number of investigators, 
from Berzelius to Stas, who have proved their strength on this task 
has been very large, the most exact results besides those already 
mentioned being obtained by Penny (1839) and Marignac (1842- 
1846). Other methods wore, it is true, attempted, but they met with 
no success. Marignac, for instance, obtained very inaccurate results 
by beating copper oxide in a stream of hydrochloric acid gas 
(CuO + 2HC1 = CuCl.^ HjO) ; and the results of the analysis of a 
complicated organic compound, by which method Laurent (1842) 
sought to solve .the problem, are just as little worthy of confidence. 
The ratio Cl : Ag has been recently determined very exactly by 
Richards and Wells (1906) by direct synthesis of silver chloride. 
Numerous other results mentioned under other elements, in which 
a chloride is connected with silver chloride and silver, can be used. 
There are so manv senarate determinations that the atomic wemht of 
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tlilorino can ho very accuraloly calculated. Ii\ addition, Avogadvo’s 
principle aHords a coinpariaon hetweeii chlorine, hydrogen and 
ovygon , calculation from the .synthcais of hydrochloric acid, or from 
the analyaia of .silver chlorate seems almost superfluous, The former 
has been doiio with groat accuracy by Dixon and Edgar (1905) and 
from it 01 = 3G-1G;?, while the value given by Stasis ,j 5 455, and 
by KicharJs .35-407 From the relation of chlorine to silver, if 
Ag = 107'88;5, Cl = 35 459. 

15. Chromium . — The atomic weight of this element must be 
classed with those which have not been (|uite firmly established by 
a thorough investigation. Derzolius in 1818 made some analyses of 
lead chromate and barium chromate, the results of which were much 
further removed from the truth than was usual with this exact 
worker. Berlin (1846), who transformed silver chromate into silver 
chloride and chromic oxide, found the wished-for number with 
suilioiout approximation. Later rosearclios by Morberg (1848), 
Loforb (18.50), Wildonstciii (1853), and Kessler (18G1), in which 
(liil’erout and mostly unsuitable methods were employed, are inferior 
to the work of Berlin. Sicwert (1861) drew attention to a source 
of error in Berlin’s determination, supposed to bo caused by the 
slight solubility of silver chloride m the acid chromic solution from 
which it was precipitated; by avoiding this ho obtained 521 instead 
of Berlin’s 52-5. Baubigny (1884) found a value between these 
two from the transformation of chromic sulphate into chromic oxide 
by strong ignition. Itawson (1889) decomposed ammonium di- 
chromato by heat, Meinecke (1891) converted silver chromate and 
ammonium silver chromate into silver chloride, and ammonium 
chromate into chromic oxide by precipitation with mercurous nitrate 
and heating the mercurous chromate. The recent work gives a 
value somewhat smaller than the older one, as a mean Ci' = 52-1. 

1C. Cohalt . — A groat number of researches have been undertaken 
on this olemoiit, especially for the purpose of deciding whether 
cobalt and nickel have the same or dift’erent atomic weights, and for 
no other element have different but equally trustworthy investigators 
obtained such widely divergent results. The chief names are Eothof f 
(1818), Schneider (1857), Mangnac (1857), Qibbs (1858), Dumas 
(1859), Bussell (1863 and 1869), Sommaruga (1866), Winkler 
(1867), Weselski (1868), Lee (1871), Zimmermann (1886), 
Kemmlor (1891), Winkler (1893 and 1894), Hempel and Thiele 
(1895), Richards and Baxter (1898) The methods applied were 
very different, and the results vary between Co = 58-a and 60-6. The 
question was comiilieated by Kruss’s supposed discovery (1889) of 
a third metal in nickel and cobalt, which turned out to be an error. 
Richards and Baxter (1897 and 1899) converted the bromide into 
silver bromide and by reduction with hydrogen into cobalt, Baxter 
and Coffin did the same with the chloride. The results were 
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Co1k.,-2AgBi'= 1 • 1-71G59, CoBr, 2Ag = 1-01408 : 1, CoBr., : Co = 
3 71150 , 1, CoCl, : 2AgCI = 1 . 2-20714. CoCI, • 2Ag = 1 GCllof These 
(lati lead to tlio same result as Hempel and Thiele obtained by 
reduction of the oxido to metal ; Co = 58-98. 

17. Cidimhinm {or Niohhm) — ^Tho investigation into the nature 
of this element was attended w-ith considerable difficulties, which 
Eoso, who occupied himself many years with it, did not succeed in 
overcoming. Blomstraiid was the first to get a proper grasp of the 
subject, and to him wo owe the determinations which may bo taken 
as the moat exact. The analysis of the peiitachloride gave 
Nb = 9 TO. This is in agreement ivith the •mean value found by 
Marignac by various methods. 

18. Copper. — Most cxiioriments towards the determination of the 
atomic weight of this metal have been executed by the reduction of 
a weighed (piantity of cuiinc oxide heated in hydrogen. Simple as 
the method appears, yet it is affected with an error having its source 
in the fact that the spongy reduced copper condenses sensible 
(juantitios of hydrogen on its suiface, thus increasing its weight. 
According to this method wo have researches by Bernelius (1820), 
Erdmann and Marchand (1844), Millon and Oommaille (1864), 
and Hampo (1874). The last mentioned further determined the 
copper in anhydrous copper sulphate by electrolytic deposition. 
Baubigny (1883^ transformed copper sulphate into oxide by 
ignition. 

By quite another method, similar to that adopted for antimony 
(p. 127), TV. N. Shaw (1887) has determined the value in question. 
Ho passed an electric current through two solutions, one of which 
deposited copper and the other silver, and by Faraday’s law 
determined the equivalent and the atomic weights of copper from 
his results. The number he obtained agrees very closely with that 
got by the purely chemical methods. Tory careful determinations 
))y different methods were made by Th. TV. Eichards (1886-91), 
Ho displaced silver from silver nitrate in cold solution by means of 
metallic copper, aifalysed anhydrous copper sulphate, deterimned the 
ratio between copper and silver, and between copper bromide and 
silver bromide. His figure must be regarded as the most satisfactory ; 
it is Cu = G3’60. Since then a less accurate redetermination has 
boon made by Miirmann (1906). 

19. Dysprosium. — This element was discovered by Lecoq de 
Boisbaudran (1886); Urbain (1900 onward) obtained the oxide 
in a pure state and found (1907) Dy = 162-6. There is some doubt 
as to the elementary nature of Dysprosium. 

•20. Erhium —For this rare element, also, the difficulty of purifica- 
tion is very great. As the substance has become investigated more 
thoroughly, more and more elements with similar properties have 
been separated from it, so that we have at present no guarantee that 
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what we call erbium is really a single uniform substance. The last 
determinations by Clove (1880), Hofmann and Kruss (1893), 
Braiinor (1905) gave Er = 1 67. 

21. JiJuroj)ium . — Tho existence of this element was first discovered 
recently when Lecoq de Boisbaudran (1897) and DemarQay 
(1896) separated the old samarium into samarium and europium. 
From tho ratio of oxide to sulphate, determined by Demar^ay and 
Urbain and Lacombe (1904), Eu = 152. Fui'ther resolution of 
this element is not improbable. 

22. Fluorine . — The atomic weight of fluorine had been fixed for a 

long time before the e-lement itself was known in the free state, a 
discovery of only recent date. It was only known as a constituent 
of various compounds, and its existence was inferred from the fact 
that these compounds are different from all compounds of known 
elements. For the determination of the atomic weight one method 
has been used almost exclusively, viz. the conversion of calcium 
fluoride into calcium sulphate by evaporation with sulphuric acid — 
CnFg + = CaS04 + 2HF. Such experiments were executed by 

Davy (1812), Berzelius (1818 and 1824), Louyet (1849), 
Dumas (1859), de Luca (1862) with somewhat varying results, as 
calcium fluoride is decomposed completely by sulphuric acid only 
with extreme difficulty. Consequently other compounds, such as 
sodium, potassium, barium and lead fluoride were used by some 
investigators. The mean of the good experirnents is F = 19 '00. 
This number has been lately confirmed in another way. Christensen 
(1886) decomposed the compound (NH4)2MnF|., which crystallises well, 
with hydnodic acid ((NH4)2MnF5 + HI = 2NH4F + MnPg + HF + 1), 
and determined the liberated iodine volumetrically by means of 
sodium thiosulphate. The result was the same, F = 19‘00. Berzelius 
and Fremy (1856) converted the fluoride into silver fluoride, but 
without good result. J. Meyer (1903) acted on calcium oxide 
with hydrofluoric acid, and found CaO : CaF2= 1 : 1 3932, from 
which F = 19 ‘03. 

23 OadoUimm — This element was found by Marignac who 
assigned the atomic weight 166‘8. Lecoq de Boisbaudran 
gives 166'3, Cleve 164'8. All the later results are based on the 
ratio of oxide to sulphate, [Bettendorf (1891), Benedicks 
(1900), Brauner (1904), Marc (1904), Urbain (1905)]. These 
authors, excejjt Brauner and Urbain, confirm the number obtained 
by Marignac. The true value is probably very near Gd = 167'0. 

24. Qalliim. — Lecoq de Boisbaudran, the discoverer of 
gallium, determined its atomic weight by igniting ammonium gallium 
alum, NH46aS20g+ I2H2O, when gallium oxide, GagOg, remained 
behind. lie also converted the metal into oxide. The result is 
Ga = 69-9. 

26. Germanium. — The discoverer of germanium, Cl. 'Winkler, 
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analysed germanium chloride, GeOl^, by decomposition with sodium 
carbonate, and volumetric estimation' of the chlorine by means of 
silver solution. From his data we get Go= 72'6. 

26. Crhiminm (or Beryllmm). — The analysis of beryllium sulphate 
is almost the only method. Along with the older and not so exact 
experiments of Berzelius (1815 and 1826), Awdejeff (1842), 
Weeren (1854), Debray (1855), Klatzo (1869), we possess very 
good determinations by Nilsonand Pcttersson (1880), who per- 
formed the analysis of the sulphate in the simplest possible way, 
namely by strong ignition, when BeSO^jlH^O became BeO. These 
determinations were repeated by Kriiss andi Moraht (1891), and 
Parsons (1904) converted the acetyl acetonate and the basic acetate 
into oxide, and obtained Bo = 9T1. 

27. Gold. — A great many methods have been applied to this 
element. First of all Berzelius (1813) precipitated a solution of 
gold with mercury and thus determined the ratio of the atomic 
weights of the two metals. Javal (1821) obtained quite other 
numbers by analysis of auric oxide, whereupon Berzelius (1846) 
determined the ratio between chlorine and gold in a neutral solution 
of auric chloride, as well as that between gold and potassium 
chloride, by igniting potassium auric chloride, KAuCl,, in a current 
of hydrogen. Levol (1850) worked according to a completely 
different method; he reduced a solution of auric chloride with 
sulphur dioxide ( 2 AUCI 3 + SSO^ + 6Hj,0 = 2Au -t SFI^SO^ + CHOI) and 
determined the ratio between the gold and the barium snlplmte 
precipitated from the solution by barium chloride. G. Kruss, and 
Thorpe and Laurie have lately (1887) undertaken new deter- 
minations by the last method of Berzelius, i.e, by the decom- 
position of double salts of gold, and find in the moan Au = 197’2. 
This number was left unchanged by a research of Mallet (1889) in 
which eight different methods were employed. 

28. Helium. — This element is a gas and is similar to argon. Its 
discoverer, Eamsay, repeatedly determined its density: the latest 
determination mane by Eamsay and Travers (1900) is probably 
accurate to less than 1 per cent. It gives He = .8‘96. 

29. Hydrogen. — See p. 123. 

30. — The atomic weight of this element has been 
investigated by its discoverers, Eeich and Eichter (1864), by 
Winkler (1867), and by Bunsen (1870). The method principally 
employed consisted in the oxidation of the metal to oxide Thiel 
(1904) used this and other methods, ie. formation of trichloride and 

. tn-iodide from the metal, also conversion of the chloride and 
bromide into silver chloride and bromide. The results differed in 
the various methods, from the latter In = 116‘0. Mather (1907) 
repeated the last method and found InGlg: 3AgCl= 1 ; 1‘94393, and 
InBi-j : 3AgBr = 1 : 1-58877 ; which gives In = 114-9. 
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31, Iodine — Griiy-Lussae (1814), to -whom we owe our exact 
knowledge of this element, determined the ratio in ivhieh iodine and 
zinc combine. Uerzolius (1828) decomposed weighed quantities of 
silver iodide by heating them in a current of chlorine, when they 
are completely converted into silver chloride, and these experiments 
were repeated later by Dumas (1869) with exactly the same results. 
A method similar to that introduced by Bor zelius for chlorine (p, 124) 
was employed by Millon (1843), who transformed potassium iodate 
into potassium iodide by heating. Marignao (1843) established the 
ratio between potassium iodide and silver, as well as that between 
silver and silver iodides 

Stas, finally, analysed silver iodate by decompiositiou by heat and 
absorption of the liberated oxygen by means of red-hot copper. He 
also determined the ratio between iodine and silver, and between 
iodine and silver iodide. From his experiments, with which those 
of Marignao are in comjilete concordance, it results that I = 126 86. 
This number has been lately shown by several authors to be 
about '5 in 1000 too small, because the silver iodide of Stas and 
Marignac was contaminated with nitrate. Scott (1902) from the 
synthosib of silver iodide found I = 127 97, Ladenburg (1902) found 
the ratio Agl ; Ag01= 1 ; 0'6 10402, Kothner and Aeuer (1904) 
repeated both these methods, as also did Baxter (1906) ; the latter 
111 addition determined Agl • AgBr. All these gave concordant 
results with I = 126 '9 3. 

32, Iridium.— From the year 1828 until 1878— for fully fifty 
years — the scientific world contented itself with a single analysis 
by Berzelius of potassium midium chloride. In the last-mentioned 
year Seubert made a most careful investigation by the same method, 
the result being Ir= 193‘2 Joly (1890) found the same number 

33, I?m — Berzelius at first (1811) gave a value for the atomic 
weight of iron which was considerably too low. Stromoyer (1826) 
and 'VVackeiiroder (1844) drew attention to the error, V'hereupon 
Berzelius caused a new investigation to be undertaken by Svanberg 
and Norlin (1846), to which he added some deWminations of his 
own. These, ns well as the experiments of Erdmann and Marohand 
(1844), Maumend (1860), and Eivot (1860), were so arranged that, 
on the one ha,nd, puie iron was converted into oxide by treatment 
with nitric acid, evaporation, and ignition, and, on the other hand, 
pure oxide was eonverted into the metal by heating in a current 
of hydrogen. The results, which agree very closely, give Fe = 56 '00. 
Dumas (1859) analysed the chloride, after which there was no 
further investigation for many years. Eichards and Baxter (1900) 
found by reduction of the oxide FogOj . 2Fe = 1 : 0-69958. Baxter 
(1903) analysed ferrous bromide by means of silver and found 

^ Accordingly, 
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31. Kf)/pton . — This gjis is like argon and was discovered hy 
Eamsay (1898) in the atmosphere. Prom the density, Hamsay and 
Travers (1900) obtained Kr = Sl'76. 

35. Lmithanim . — The atomic weight of this element suliers from 

the same uncertainty as that of the other rare earths. The numerous 
investigators who have occupied themselves with its determination 
will therefore not ho named, especially as the methods used were 
always the same. Until the woi’k of Braunor and Pavlioek 
(1902) and Jones (1902) moderately accurate results had not been 
obtained. From the ratio of the oxide to the sulphate and to the 
oxalate La = 138'9. , 

36. Lea d , — Lead takes a prominent place in the history of atomic 
weights, as'lieing the first element on which Berzelius (1811) 
exercised his skill. His method consisted in the treatment of 
metallic lead with nitric acid and subsequent ignition of the nitrate, 
lead monoxide remaining. He afteinvards analysed lead chloride 
(1818), and reduced lead oxide by means of hydrogen (1830). 
Turner (1833) converted lead and lead oxide into sulphate, 
Marignac (1868) and Dumas (1869) titrated lead chloride with 
silver solution. The value at present in use we owe to Stas, who 
m two series of experiments converted lead into lead nitrate and 
into lead sulphate. Baxter and Wilson (1908) precipitated lead 
chloride with silver nitrate and found PbOL, • 2AgCl ; 2 Ag = 

1 : rOSlll : 0 77(310, from which Pb= 207T1. 

37. Lithimi , — Very divergent results have been obtained by 
different chemists in the determination of the atomic weight of 
this metal The discoverer Arfvedson (1818) gave Li=10-3. 
Vauquelin (1818) then found Li = 9-2, Gmolin (1818) lO'S, 
Kralovanszky (1827) 10‘6 j on the other hand, Hermann (1829) 
6'1, Berzelius (1830) 6-6, Hagen (1839) 6-6, Mallet (1857) 6 95. 
Troost, who had before given wrong figures, was the first (1862) 
to determine the value with approximate correctness. The exact 
number was then found hy Diehl (1862), who decomposed a weighed 
quantity of lithflim carbonate with sulphuric acid and determined 
the carbon dioxide from the loss of weight of the whole apparatus. 
Stas, in conclusion, determined by titration the ratio between lithium 
chloride and silver, and obtained the present number, Li= 7’03. 

38. Magnesium . — Most of the old determinations were made from 
the analysis or synthesis of the sulphate, eg. by Berzelius (1812), 
Gay-Lussao (1819), Scheeror (1846), Svaiiherg and Nordenf eldt 
(1848), Jacquelain (1850), Macdonell and Bahr (1852) The 
last determination is particularly interesting, as being made with 
a specimen of magnesia obtained from the olivine of a Siberian 
meteorite. This celestial magnesia proved to bo identical -with the 
ordinary terrestrial substance m respect of the atomic weight, as it 
was in all other properties. 
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All extensive investigation by Marchaud and Sclieerar (I860) 
into the quantity of carbon dioxide contained in natural magnesium 
carbonate (magnesite from Frankenstein) is unfortunately value- 
less, as Sclieorer nine years later discovered that the material 
employed contained calcium. The experiments of Dumas (1869) 
on the ratio between magnesium chloride and silver only showed 
tho inapplicability of the method, for in spite of heating in a current 
of hydrochloric acid, it was found impossible to prepare magnesium 
chloride x>erfeotly free from oxygon. Marignac has lately (188S) 
obtained results by means of the old method of analysis and synthesis 
of tho sulphate which satisfy the requirements justly expected of a 
constant so frequently m use. He found Mg = 24 38. The number 
even yet almost always employed, Mg-24‘00, is thus over 1'5 per 
cent wrong. _ _ 

A source of error has since been found in the work of Burton 
and Vorce(1890)j there are good estimations by Eichards and 
Parker (1896) based on the ratio MgOlg : 3Ag. Their results are in 
close agreement with those of Marignac, and the number Mg = 24’33 
may be considered correct to 1 unit in the last jilace. 

39. Manganese . — The older values for the atomic weight of 
manganese wore somewhat uncertain; Hauer (18B7) was the first 
to give accurate numbers, which he obtained by converting man- 
ganese sulphate into sulphide by ignition in a current of sulphuretted 
hydrogen. This method is much better than tliat again used by 
Dumas, viz the titration with silver, as the impossibility of obtaining 
pure chloride became once more apparent. A series of experiments 
by Schneider (1859), who subjected the oxalate to combustion, is 
also not quite faultless. Dewar and Scott (1883) analysed silver 
pez'manganate, AgMuO^, and Marignac (1883) and Weeren (1890) 
converted manganous oxide into the corresponding sulphate; both 
methods gave results agreeing with each other and with those of 
Hauer Very accurate experiments of Baxter and Hines (1906) 
gave MiiBu, : 2AgBr= 1 : D74888, MuBr^ : 2Ag = 1 : 1-00463, MnOl.j 
: 2AgCl= T: 1-71447, MnOl^ : 2Ag= 1 : 2-27717 This gives Mn = 
54-96. 

40. Mercury . — There has never been much doubt as to the atomic 
weight of this metal, as even the oldest analyses of mercuric oxide by 
Sef Strom give a number very near the right one. Later determina- 
tions have been made by different methods. Turner (1833) 
analysed, besides mercuric oxide, mercuric and mercurous chlorides 
by ignition with lime, Erdmann and Marchaud (1844) reduced 
mercuric oxide with charcoal and mercuric sulphide k^ith metallic 
copper, Millon (1846) and Svanberg (1848) repeated the decom- 
position of mercuric chloride by heating with lime. Hardin (1896) 
used electrolytic methods. As mean of all the determinations we 
may take Hg = 200-0. 
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41. Mohjhdeiium . — The oldest exEorimeiits of Borzoluis (1818) 
were on the eonvorsion of lead nitrate into lead molybdate, and 
gave much more correct numbers than those of Svauliorg and 
Btruve (1848), who transformed the sulphide, MoS^, into the oxide, 
M 0 O 3 , by roasting. In this process there is a loss of weight of only 
some 10 per cent, so that the errors of experiment have a great 
influence on the result. Dumas (1859), on the other hand, obtained 
good numbers by reducing the strongly heated trioxide in a stream 
of hydrogen to the metallic state. The analysis of the chlorides of 
molybdenum by Liechti and Kamjie (1873) may also be used, and 
lately von der Pfordten (1884) has found );Jie same value from the 
analysis of ammonium molybdate. Smith and Maas (1893) heated 
sodium molybdate in a current of hydrochloric acid, and weighed tlie 
residual sodium chloride. Seubert and Pollard dissolved the 
trioxide in sodium hydroxide, and estimated the etiuivalent by 
titration; they also reduced it by means of hydrogen to metal. 
The mean is Mo = 96'0. Van den Berghe (1898) oxidised the metal 
to trioxide by means of nitric acid and found Mo = 96'07, in close 
agreement with Seuhert and Pollard. 

42. Neodymium, Frascodynmm {Didymiuin ). — The same observa- 
tions as were made on cerium (p. 131) applj^ also to this element. 
The old data of Marignac (1849 and 1863), Hermann (1861), 
Zscbiesche (1869), and Erck (1870) all vary greatly. They wore 
mostly obtained ’flom the precipitation of didymiuni sulphate by 
barium chloride, and are affected with an error caused by the barium 
sulphate under these conditions taking down with it considerable 
quantities of didymium oxide by adsorption. However, experiments 
of Cleve, Nilson and Pettersson, and Brauner, who all converted 
the sulphate into the oxide by ignition, yielded discordant numbers 
in spite of the identical methods. In 1885 Auer von AVelsbaoh 
reported that he had split the “element” hitherto known as 
didymium into two others, which he called praseodymium and 
neodymium. The atomic weights are, according to the preliminary 
experiments, whiflh were not extended at the time, Pr=143’6 and 
Nd = l- 10 - 8 . 

Welsbach’s results were for long unchecked by-other investiga- 
tions 111 recent times the work was resumed owing to the use 
of rare earths in the incandescent gas lamp industry. It then turned 
out that although the tivo constituents of didymium do exist, the 
atomic weights were exactly reversed. Eesearehea by Scheele, 
Brauner and Jones (all in 1898) all led to the same result. Feit 
and Przibylla (1906) titrated the oxides with sulphuric acid, 
Holmberg (1907), Wild (1906), Brill (1906), Auer (190.3), 
Brauner (1901) determined the same ratio, partly volumetiically, 
and partly by gravimetric analysis. The very concordant and 
reliable results of Brauner are Nd= 143'9, Pr = 141-0. 
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i3. Mm la ;i gfls with the same general properties as argon, 
and was discovered hy Ramsay (1889). From the density, Ramsay 
and Travers ohtained N 0 = 19‘94. 

44. Nidd . — Almost all the chemists who attempted to fix the 
atomic weight of cobalt have at the same time extended their investi- 
gations to nickel and found here also very varying results — from 
C8‘0 to 59'4. The discovery of the volatile nickel carbonyl, which 
has no cobalt analogue, has made it possible to obtain nickel 
preparations free from cobalt (1890), and in consequence the atomic 
weight has been determined with greater certainty. The best numbers 
are those of Richards and Cushman (1898 and 1902). From the 
analysis of nickel bromide, they found NiBr^ ; 2AgBr = 1 : 1'71909, 
and NiBrg ; 2Ag= 1 01268 . 1 ; by heating the bromide in a current 
hydrogen "NiBij • Ni= 1 . 0'26854. Both -give Ni=68-60. 

45. Nitrogm . — A great many different methods have been used 

for thie element. Berzelius (1811) determined the ratio between 
ammonium chloride and silver chloride. He afterwards used the 
proposition that the sjiecific gravities of the gaseous elements are 
proportional to their atomic weights (see below), and based the 
iiiimbor considered by him as correct on weighings of oxygen 
and nitrogen which ho executed in conjunction with Diilong (1820). 
Turner (1833) determined the ratio between silver nitrate and 
chloride, between barium nitrate and sulphate, as well as between lead 
nitrate and siiliihate. ' * 

Penny (1839), who made his admirably exact determinations with 
the simplest imaginable apparatus, converted potassium chlorate into 
potassium nitrate by evaporation with nitric acid, and in the same 
way potassium chloride into nitrate, and conversely. He also deduced 
the atomic weight of nitrogen from the ratio between silver and its 
nitrate, as well as between the nitrate and chloride. His results 
agree almost absolutely with those of Stas, which were made much 
later. 

In spite of their excellence. Penny’s results remained almost 
neglected, and a much less correct value given By Berzelius was 
used until Dumas and Boussingault showed its inaccuracy from 
tho comparative weights of oxygen and nitrogen. Berzelius then 
Ctaused a new determination to be made by Svanberg (1842), who 
converted lead into lead nitrate, without, however, obtaining very 
exact results. Good numbers were obtained by Pelouze (1843), who 
titrated ammonium chloride with silver; by Marignac (1842), from 
the transformation of silver into silver nitrate; and by Regnault 
(1845), from his gas-density determinations Dean (1 899) determined 
the ratio KBr • AgOH, Scott (1901) with great accuracy that of 
ammonium chloride to silver, and ammonium bromide to silver. Tho 
very exact determination of silver and nitrate in silver nitrate by 
Richards and Forbes gave Ag • N 03 = 1 ; 0-57479. Recently the 
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densities of nitrogen and of the oxides of nitrogen havehoon frequently 
determined, Giiyo (1900) found from pure nitrogoii ll’OOl, Guyo 
and Bogdan (1904) from nitrous oxide 14’007, Jaquorod and 
Bogdan (1904) hy analysis of nitrous oxide 14 019. Gray (1905) 
from the density of nitric oxide got 14'00G, from its combustion 
14 016, and from the density of nitrogen 14 008 Density deter- 
minations by Lediic, Lord Rayleigh, Porinan, etc., led to the same 
result (14'005 to 14 010). The densities are measured at finite 
pressures and the zero value found by extrapolation by means of 
van der Waal’s law. The number now adopted N = 14 008 is based 
on the last named investigations and is preferable to Stas’s number 
14 04 j it may even he too high hy some units in the last place. 

46. Osmium . — ^Por this element, too, a single analysis of potassium 
osmium chloride by Berzelius (1828), which gave Os = 200, had to 
serve until quite recently. Soubort in 1888 made an exact deter- 
mination by the analysis of amuionium and potassium osmium 
chlorides, and this led to a much smaller value which must be 
considered correct, viz. Os = 191. 

47. Oxi/gt'H . — 0 = 16 000. 

48. Palladium . — The case was the same for pallacHiini as it was 
with osmium until 1889 ; our whole knowledge of its atomic weight 
is confined to two experiments by Berzelius in the year 1828, who 
analysed potassium palladium chloride 

In 1889 Reiser comniimicated the first results of his work, which 
he extended in 1894. Others were meantime engaged on the 
subject; Bailey and Lamb (1892), Keller and Smith (1892), 
Joly and Leidiii (1893). Hardin (1899) reduced diphenylpalhidium- 
diammonium chloride and bromide, also animoiiium palladium 
bromide to metal in a current of hydrogen, and found Pd= 107 'O. 
Am berg (1905) estimated palladium in . palladosaiiimiiie chloride, 
both by precipitation with hydrazine sulphato and hy electrolysis, 
and also osbimatod the chlorine He found as a mean Pd = 106'5. 
The number adopted is Pd = 106'7. 

49. Phosphorus . — ^For the determination of the atomic weight of 
this element many methods were tried by Berzelius without satis- 
factory results. J aoquelain’s methods (1862), as well as his numbers, 
were still more diversified. Sohrotter (1862) obtained trustworthy 
results, and these are still the best we know. He burned weighed 
quantities of red pho.gphorus (of which be was the discoverer) with 
oxygen to phosphorus pentoxide in a suitable apparatus. Similar 
experiments have been recently made by van der Plaats (1886), 
who obtained the same results. 

Pelouze (1845) and Dumas (1869) applied the method of silver 
titration to the trichloride ; here again the usual difficulty of 
obtaining puie chloride, in this case chloride free from oxychloride, 
was encountered. The numbers are therefore almost all too high. 
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Schrotter’s experiments give P = 31'0. 

fiO. Platinum . — The ill-luck -which followed Berzelius in his de- 
termination of the atomic weight of the platinum metals — a want of 
success in striking contrast to the great trustworthiness of his other 
experiments — is found here in the case of platinum itself. The older 
data (1813 and 1826) which ho obtained from the precipitation of a 
platinum solution by means of mercury and from the analysis of 
plantinoiis chloride were rejected by him in favour of a number, 
Pt=197‘2, based on the analysis of potassium platinic chloride 
(1828), although they were much nearer the truth In 1881 
Seuhort showed a considerable error to exist in this determination, 
aild from the analysis of potassium and ammonium platinic chlorides 
obtained the number Pt= 191:'8. This number -was soon afterwards 
confirmed by Halberstadt (188i). This atomic weight is important, 
for in the analysis of substances containing nitrogen this element 
is very often separated as ammonium platinic chloride and calculated 
from the residue of platinum left on heating. Up to 1881, therefore, 
the analyses made according to this method are affected with an 
error which makes the nitrogen appear less than it really is. 

61. Potassium . — With exception of the very oldest experiments 
of Berzelius (1811), who converted metallic potassium (weighed as 
amalgam) into potassium chloride, the atomic weight of this metal has 
always been determined along with that of chlorine by the analysis 
of potassium chlorate The different mvestigators who have taken 
part in this work are named on p. 131. The number in use till 
recently, K. = 3914 is due to Stas, and is very slightly changed. 
Richards and Archibald (1903), Archibald (1904), Richards 
and Stabler (1906), and Richards and Mueller (1907) determined 
the ratio KOI : AgOl, and KBr : AgBr, and also analysed potassium 
nitrate, aud found K= 39T0. 

. 02. PrasBodymims. — See Neodymium. 

53. Badium . — This element, discovered by the Curies (1898), has 
not been accurately investigated until quite recently. Mme. Curie 
(1902) found Ra = 225 from the analysis of the chloride. Repetition 
of the analysis with purer material (1907) gave 226‘4, Thorpe 
(1908) found the same number. 

54. Rhodium . — ^The number obtained by Berzelius (1828) from 
the analysis of sodium rhodium chloride appears to be somewhat 
more correct than those of the other platinum metals, for it has only 
been altered a unit by the new determinations of Jorgensen (1883), 
whose experiments, however, have only a preliminary character-- 
aocording to them Rh=103. Seubert and Kobbe ('1890) found 
the same number. 

55. Bubidtmn . — The new alkali metals rubidium and emsium were 
discovered by Bunsen as the first-fruits of spectrum analysis. While 
the complete piuification of caesium did not succeed at once, rubidium 
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was very soon obtained free from admixed substances, and the 
number got from tbe analysis of the chlondo (1861) lias been 
confirmed by similar determinations due to Piccard (1862) and 
Godeffroy (1876). The mean is Eb = 85-4. Heycock (1882) 
analysed the chloride and the bromide, and obtained Iib = 84‘36. 
Quito recently Archibald (1908) repeated both tho.se analyses on 
carefully purified material and found iib= 86'45. 

66. Iiuthenium. — The discoverer of this metal, Claus, to whoso 
work we owe almost our whole knowledge of the element, determined 
its atomic weight by the analysis of potassium ruthenium chloride, 
KoRu01„. The result was Eu= 103'8. Joly (jas lately (1889) found 
a considerably smaller value, yiz. Eu= 10P7. 

67. Samarium . — ^This element is still less certainly a single pure 
substance than the other metals of the rare earths. Cleve (1884), 
who converted the oxide into sulphate, gives the value Sm=ir)0. 
Later investigations show that the old samarium contained europium. 
The new number obtained by Urhain and Lacombe (1904) is 
Sa=150'4 

68. Scandium — This element also belongs to the “rare earths,” 
but it is far more probably a pure substance than the others, from which 
It differs very decidedly by its small atomic weight. Nilson (1880), 
who discovered it simultaneously with Clove, gives Se=44T from 
the conversion of the oxide into sulphate. 

69. Selenium . — The determination of the atomic weight of selenium 
has been attended with considerable difficulty. Berzelius (1818) em- 
ployed a quite unusual process — the conversion of weighed quantities 
of selenium into the tetrachloride, SeCl^ — and placed more con- 
fidence in the number got in this way than in those from the analysis 
of silver selenide and barium selenite. A publication of Sacc (1847) 
contains merely a list of unsuccessful exporimonta. A short report 
of the analysis of mercury selenide is duo to Erdmann and Mar chand 
(1862). Dumns finally repeated (1859) the experiments of Berzelius 
on the formation of the tetrachloride. 

The number aff present in use is founded on an investigation by 
Ekman and Pottersson (1876), in which, on the one hand, selenium 
was converted into the dioxide, and on the other silver selenite 
transformed into silver chloride. The mean is Se = 79T. Besides a 
not very acem-ato investigation of Steiner (1901), there are researches 
by Lenher (1898) and J. Meyer. The Latter electrolysed silver 
selenite and weighed the silver. Lenher converted the same salt 
into silver chloride by means of a current of HCl, and reduced the 
silver chloride "to metal by means of hydrogen; he also reduced the 
double ammonium bromide to selenium. The results of the two last- 
named authors give Se = 79-2. 

. 00. Silicon . — ^The atomic weight of this element was known before 
the element itself. Berzelius (1810) and, with better success. 
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Stroineyor (1811) xwepared ironrich in silicon, and oxidised weighed 
quantities of this. The product of oxidation was analysed, and after 
subtraction of the iron from the original substance and of the iron 
oxide from the iirodiict, the ratio of silicon to silicon dioxide was 
obtained. Bornoliu.s afterwards investigated various silicates, both 
natural and artificial, as -well as barium silicofluoride, without, 
however, olitaiiiiiig satisfactory results. 

The application of silvei titration yielded accurate numbers. 
After the first oxperunents by Peloiize (1845), the process was applied 
by Dumas (1869) and Schiel (1861), with the same results. Thorpe 
and Young have lately (1887) decomposed weighed quantities of 
silicon tetrabromidc with water and weighed the resulting silica. 
The result is Si = 284. This value may be too high. J. Meyer 
and Becker (1905) prepared very pure silicon tetrachloride, and 
turned it into dioxide. From the ratio SiOl^ : SiOj = 3'82318 : 1, 
Si = 28 24. 

61. Silver . — The atomic weight of silver has always been 
determined simultaneously with those of chlorine and potassium, 
so that the data given on p. 126 may he referred to. The number 
at present accepted, and it must be considered the best known of 
all the atomic iveights, was determined by Stas according to five 
indopeiidont methods, the results of which here follow : — 

a Analysis of potassium chlorate and detei;mination 


of the ratio KCl : Ag 107’940 

h. Analysis of silver chlorate and synthesis of silver 

chloride . 107'941 

c. Analysis of silver bromate and synthesis of silver 

bromide 107'923 

d. Analysis of silver iodate and synthesis of silver 

iodide 107'937 

c. Analysis of silver sulphate and synthesis of silver 

sulphide ... ... 107'937 


The mean value is Ag= 107-938, and its probable error, calculated 
from the deviation from the mean value, is less than four units in 
the last place. 

Ill spite of this exact agreement, the results of Stas are doubtful 
according to newer results, apparently because of systematic errors, 
A new basis must therefore be sought. The only recent result avail- 
able is that of Eicharcls and Forbes (1907) from the synthesis of 
silver nitrate According to it, if 0=16-000 and N= 14-008 
Ag = 107-883. 

62. Sodium — Berzelius (1811) determined the atomic weight 
of this metal, like that of potassium (p. 142), by conversion of the 
metal in sodium amalgam into sodium chloride. Penny (1839) 
found an almost absolutely correct value by the reduction of sodium 
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chlorate to chloricle. Pelouze (18-15), Dumas (185!)), anti Htas 
rloternuried tho ratio botwecu sodium chloride and silver, the 
results of tho last give the number Na = 23"06. ihoin tho in- 
vestigation of Richards and Wells (see chlorine) this lesult appears 
to be erroneous, and tho most accurate value is Na = 23'00. 

63. Shontium . — Wo are indebted for our first knoudedge of 
tho atomic weight of this element to Stromayer (181C), who 
analysed tho carbonate and chloride. Pelouze (1815), Marignac 
(1858), and Dumas (1859) titrated strontium chloride with silver 
and obtained concordant results. Richards estimated (1891) the 
ratio botiveen strontium bromide and silver bromide or silver, also 
(1905) of the chloride to silver, and obtained what must bo regarded 
as the correct value, Sr = 87'63. 

• 61. Sulj>hur . — The process by means of which Berzelius (1811) 
ascertained the atomic weight of sulphur for the first tune, consisted 
in combining the same weight of lend first with oxygen, and then 
with sulphur; tho number obtained was, to be sure, not very 
exact. Ho afterwards (1818) converted lead into lead sulphate, an ex- 
periment which Turner repeated (1833). Erdmann and Marchand 
(1841) analysed mercuric sulphide after hxing the atomic weight 
of mercury by analysis of the oxide (p 138). Berzelius, who 
doubted their results, converted (1845) silver chloride into sulphide 
by heating m hydrogen sulphide Struve (1851) decomposed 
silver sulphate by heatiug it in a current of hydrogen, when pure 
silver remains, and lastly, Dumas (1859) converted silver into .silver 
sulphide by heating it m sulphur vapour. 

The results of the majority of the experiments give values 
lying close to S = 32'0. It follows, however, from the more 
exact determinations of Stas, that the true value is somewhat 
greater. Richards (1891) determined the ratio NanCO.^ : Na^SO,, 
but does not consider it very accurate. On the other hand, 
Richards and Jones (1907) determined the ratio of silver sulphate 
to silver chloride with great exactness. From it for Ag=107'88, 
S = 32 06. “ 

65. Tantalum . — ^Tho atomic weight of this rare element is not 
even yet known with certainty. The older experiments of Rose, 
Berzelius, and Hermann gave quite untrustworthy results. The 
best numbei’s are got from the conversion of potassium tantalum 
fluoride into tantalic acid and potassium sulphate, by Marignac. 
Hinnchsen and Sahlbom (1906) oxidised tantalum to pentoxide. 
The result iS probably preferable to Marignac’s number (182). It 
gives Ta = 180 

66. Telhmma — Berzelius (1812 and 1833) oxidised tellurium 
to dioxidX His numbers were closely confirmed by those of Hauer 
(1857), who analysed potassium tellurium bromide. Wills (1879) 
repeated both experiments and got the same results. 
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Ih spite of this agreement the number obtained, Te = 128, must 
be (joiisideved improbable. For if wo compare the following rows 
F=31-0 As = 75-0 yb=120'4 

,S=32'1 Se=:79-1 Te = 138 

01 = 35 46 I}r=79'91 I =136'93 

wo find in the thico groups P, As, Sb, S, Se, To, and Cl, Br, I, 
each of wliich compnses three similar elements, su]23hm' between 
phosphorus and chlorine, and selenium between arsenic and bromine ; 
but telbirium with the number 128 does not stand between antimony 
and iodine. Brauner (1883) found a source of error in the older 
determinations and obtained from the oxidation of tellurium to dioxide 
and from the formation of the snljjhate Tc^OjSOg the atomic weight 
Te=125, corresiioiiding to analogy. This result, however, is by 
no means confirmed by later work. Gooch and Howland (1894) 
oxidised an alkaline solution of the dioxide with permanganate, 
and obtained Te=127'0; Staudenmayer reduced crystallised 
telluric acid to dioxide and found 127’2 to 127 6, Chikashig 
(1896) dccomiiosod telhinum bromide by heating with silver, 
and found 127 6. Kothner (1902) analysed the basic nitrate 
Te^NO^OJi, Gutbier (1902 and 1906) determined the water and 
tellurium 111 telluric acid H.^TeO^, SHjO, and also reduced tellurous 
acid to tollurimn. This reduction and its converse weie done 
by Pollini (1901) audHeberlein (1898) NorVis (1907) repeated 
Kothner’s work. Leaving out of account as not very accurate an 
analysis of diphenyltellunde by Steiner (1901), all these experi- 
ments lead to Te = 127'6. Tho atomic weight of tellurium must, 
therefore, be regarded as higher than that of iodine. 

It remains to be seen whether the result of Marckwald (1907), 
who found Te = 126‘9 from the estimation of water in telluric acid, 
will bo confirmed. 

G7. Terbium . — This element, like most of the metals of the 
rare earths, is not yob certainly known to be a single substance 
It was discovered by Mosander (1842), and 5ts atomic weight 
differs with its purity The most recent result of Urbain (1905) 
obtained from the amount of water in the hydrated sulphate is 
Tl = 169-2. ^ 

68. Tkulli'Uin. The first determinations by one of the two 
discoverers of thallium, Lamy (1862), from the analysis of the 
chloride and sulphate are not very exact. The results obtained by 
Werther (1864) from the analysis of thallium iodide and by 
liebberling (1865) from the repetition of Lamy’s experiments are 
bnt httlo bettor. A research executed by the other discoverer, 
\\. Crookes (1873), with all imaginable precautions, but un- 
fortunately only according to one method (the conversion of the 
metal into the nitrate), gave Tl = 204-0. A new investigation by 
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Lepiorre (1894), emplojring three iliflerent methods, full}' confirmed 
the immhor found by Crookes, which imiy therefore ho ictamcd, 
although a determination of the ratio of thalloiis chloride to silver 
ohloruio hy Wells and Penfiold (1894) gave the very divergent 
value ‘i04-5. 

69. Thorium. — Berzelius, who discovered this element, determined 
its atomic weight (1829) by analysis of the sulphate. The experimont.s 
were subsetpieiitly repeated by Chydenius (1863), Delafontaino 
(1863), Hermann (1864), and Cleve (1874), the aiialj'sis being 
mostly so conducted that thoria remained behind on strong ignition 
of the salt. Cleve analysed the oxalate in addition. Nilson, at 
first alone (1882), afterwards in coiijiinctioif with Kruss (1887), 
performed the analysis of the sulphate with material purified with 
special care. Both researches yield the same number, Th= 232'4, 
which is somewhat lower than that found by' the older investigators. 
Lately, Brainier (1901) and Baskorvillo (1901) stated that thorium 
could bo split up into other elements ; this would bo in acoordanco 
with the transformations of radioactive suhstauces observed by 
Rutherford and others. E. J. Meyer and Gumpers (1900), 
however, were unable to confirm this. Their analysis of thorium 
sulphate octohydrate gave Th = 232-5. 

70 Thulium . — A very doubtful element, to which Cleve (1880) 
gives the atomic weight Tu= 171 from analysis of the suljihate. 

71. Tin . — The oxidation of the metal to dioxide has been 
almost exclusively employed for the determination of this atomic 
weight. We have such experiments by Berzelius (1812), Mulder 
and Vlandceren (1849), Vlandeeren (1858), Dumas (1858), and 
van dor Plants (1885). In agreement with them are two analyses 
of the tetrachloride by Dumas. The moan value is Sn= 118-1. 
Bongartz and Classen (1888) have found with difterent methods 
a number higher than this. The older results do not seem to be 
absolutely displaced by thi,s, but provisionally wo may put 
Sn = 119-0. 

72. Titanium.— r-lhQ oldest determinations are due to H. Rose 
(1823 and 1829), and were obtained by roasting titanium sulphide 
to dioxide, and from the analysis of titanium chloride. The latter 
method has again been employed by Pierre (1847), Doiiioly (1849), 
and lastly by Thorpe (1883 and 1885), whose exact researches, 
which were also extended to titanium bromide, give Ti= 48-1. 

73. Tungsten . — The atomic weight of tungsten has been usually 
determined from the reduction of the trioxide to metal, and from 
the oxidation' of the metal to trioxide, — •Berzelius (1825), 
Schneider (1850), Borch and Dumas (1859). Roscoe (1872) 
from an analysis of the hexachloi-ide obtained the same result. 
Other determinations, such as the analysis of barium metatimgstato 
hy Scheibler (1861) and of ferrous tungstate by Zettnoff (1867). 
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aro of lotis imporfcanuo. Later researches by Waddell (1886), 
Pennington and Smith (1894) on the reduction of the trioxide, 
gavo results winch did not agree. Moio recently, experiments by 
Thomas (1899), Hardin (1897 and 1899) and Taylor (1901) 
gave from tlie oxidation of tungsten to the tnoxide, a mean value 
of 184'0, from the reverse reaction the smaller figure 183‘7. 
The cause of the discrepancy is probably the volatility of the 
oxide, so that the oxidation does not give good results. Further, 
tlie metal occludes a little hydrogen. The most trustworthy results 
are those of Smith and Exner (1904) from the conversion of 
the hexachloiide into oxide, and, with special precautions, of the 
metal into oxide. Both series gave concordant results ; W=184'0. 

74. Uranium . — Up to the year 1840 the atomic weight of uranium 
had been calculated quite erroneously from the experiments of 
Arfvedson (1825) and Berzelius (1826), for the black product 
UO.J got by the reduction of the higher oxides was looked upon as 
inetalho uranium until P^ligot showed that it contained oxygen. 
He at the same time determined the atomic weight pretty accurately 
from analysis of uranyl acetate. Later researches by Ebelmen 
(1842) and Wertheim (1843) aro of little importance, but the very 
careful work of Cl. Zimmermann (1882 and 1886) deserves atten- 
tion. The method? employed were not in themselves particularly 
good, but excellent results were obtained by scrupulous care being 
used in the performance of the experiments. One series consisted 
in the reduction of UgOg to UOj in a current of hydrogen, the other 
in the conversion of sodium uraiiyl acetate, Na(U02)(03H302)g, into 
sodium diuranate, Na^U.^O^, by roasting. Aloy (190lj determined 
the ratio between uranium and nitrogen in the nitrate. The most 
accurate results were obtained by Eichards and Merigold (1902) 
by transforming uranium tetrabromide into silver bromide: from 
them U = 238'0. It may be mentioned that uranium has the 
highest atomic weight of all the elements. 

7 5. Vanadium . — An error similar to that in the case of uranium 
was also committed with this metal. It was onl}" found out in 1868 
by Roscoe, who showed that the substance formerly held to be the 
metal was really an oxide VO. If we take this into account in cal- 
culating the analyses of vanadic acid and of vanadyl chloride by 
Berzelius (1831), we arrive at pretty correct numbers. Our present 
accurate knowledge of the atomic weight of this element is due to an 
excessively careful investigation by Eoscoe (1868), w’ho reduced 
vanadic acid to oxide in a current of hydrogen, and also titrated 
vanadyl chloride with silver. The mean of the - two series is 
V = 51-2. 

76. Xenon — This is another element of the type of argon, and 
was discovered by Eanisay and Travers (1898). The density as 
found by its discoverers, gives X = 128'0. 
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77. YUerUvm . — Miirignac in 1872 discovered in the substance 
regarded up till that time as erbia a perfectly colourlebs earth with 
no absorption spectrum, to which he gave the name of ytteibia. 
Immediately thereafter, Delafontaino found the same sub.stance in 
allanito from Amherst, and Nilson, too, soon confirmed the existence 
of the new element. Its atomic weight was found by these three 
authors and also by Brauner pretty concordantly to be yb= 173'0. 
It has since been resolved by Auer von AVelsbach (1907) into two 
different oartbs, w'boso elements have been named (Neo)ytterbmni and 
Lutecium, with the atomic weights Yb= 172‘9 and Lu= 174-2. 

78. Yttrimi — This element also ivas only gradually distinguished 
and separated from the earths winch always accompany it, and wo 
cannot even yet state with certainty that ivhat is known as yttrium 
IS really a ohonnoal siiecies. Delafontaino (18615) was probably the 
first to work with tolerably pure material. The inotliod he adopted 
was the conversion of the earth into sulphate, and this was also clone 
by Balir and Bunsen (1860), Clove and Hoglund (1873), and 
Cleve (1873), Marignac (1880), Jones (1895). G-. and E. Urbain 
found 88-6; Foit and Przibylla (1906) by titration of the oxide 
with snlpliuric acid, 89 1. The mean of all fdie results is very nearly 
Y=89-0. 

79. Zinc . — Even the oldo.st researches by Gay-Lussac (1809), and 
Berzelius (1811) yielded a result very near the truth. The method 
was the conversion of the metal into oxide. The number olitained 
was called in cpiesbion on quite insufficient grounds by Jao(iuelain 
in 1842, and shortly thereafter Eiivro sought by the analysis of zinc 
oxalate, as well as by dissolving zinc in snlpliuric acid and burning the 
evolved hydrogen to water, to show the correctness of a higher value. 
Berzelius caused A. Erdmann (1843) to undertake now oxidation 
experiments, which aiiproxnnately confirmed his previous nnmbors 
Still nearer Berzelius’s value are the numbers lately found by 
Marignac from the analysis of potassium zinc chloride. Baulngiiy 
(1883) by analysis of the sulphate, Gay-Lussac (1809), van der 
Plaats (1885), and)Mallet(1890) by solution of zinc in sulphuric acid 
and measurement of the hydrogen evolved, and lastly Ramsay and 
Reynolds (1887) by the same methods have found similar values. 
Morse and Burton determined the ratio Zn : ZnO, but overlooked the 
fact that oxides obtained by heating nitrates retain oxygen and 
nitrogen even after strong ignition. Gladstone and Hihbort (1889) 
determined the atomic weight by an electrolytic method. Finally, 
Richards and Rogers (1895) determined the ratio between zinc 
bromide and silver. These give the mo.st reliable result: Zn = 65-40. 
The result of Morse and Burton is almost identical if a correction 
is applied for the occlusion (Morse and Arbuckle, 1898) 

80. Zirconium . — The atomic weight of this element has not been 
often determined: once by Berzelins (1826) from the analysis of 
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tho sulphiito, and once by Marignac (18G0) from the analysis 
of potaasiiini zirconium fluoride. The latter obtained Zr = 90 7 
Weibull (1881) and Bailey (1889) repeated the experiments of 
Berzelius, The latter’s results gave Zr = 90'6 in close agreement 
with Marignac’s number. 

In the following table the atomic weights of the elements at 
pro.sont known are collected , 0 = IG’OOO is taken as the basis of the 
calculation. 


Almninuini 
Antimony 
Argon . 

Arseiiio 

Barimn 

Bianmtli 

Bronuiic 
Cadmium 
Cuisimn 
Oalouuii . 

Cm bon . 

Ooimm . 

Oldonne 

Ohioiminn 

Cobalt 

Oolunibium (Niobium) 
Copper . 

Dysprobuim 

Erbuuii 

Europium 

Eluorine 

GadoUuinm 

Gallnini . 

Germamuiii 
Gluoiniini 
Gold . 

Helium 
Hydiogeii 
Indium . 

Iodine 
ludnmi . 

Iron 

Krypton . 

Lantlwuiini . 

Lithium . 

Lutooiuiii 
Magnesium 
Manganese 
Mercury . 


, A1 27 1 
, Sb 120 2 
A 39 9 
. As 7-106 
Ba 137-37 
Bi 208-0 
B 11-0 
Br 70 92 
Cd 112 10 
, Cs 132 81 
. Oa 40-09 
.0 12 00 
. Oe 140-26 
. Cl 36 46 
Cl 02-0 
. Co 58 97 
Cb 93-5 
. Cu 63-67 
. Dy 162 5 
El- 167-4 
Eu 152 0 
E 10-0 
. Gd 167 3 
. Ga 69-9 
Go 72 6 
G1 9-1 
Au 197-2 
Ha 4-0 
H 1-008 
In 114 8 
I 126-92 
Ir 193 1 
Fo 66-85 
Kr 83-0 
La 139 0 
Pb 207 10 
Li 7 00 
. Lii 174-0 
. Mg 24-32 
. Mn 64 93 
Hg 200 0 


Molybdenum . 
Nt-odynuum . 

Nickol 

Nitrogen 

Osmium 

Oxygon 

Palladium 

Pliospboi-us . 

Platinum 

Potassium 

Piaseodymiuin 

Badium 

Rbodiuin 

Eubidium 

Eutbouuim f 

Samaiuuw 

Scandium 

Selamum 

Silicon , 

Silver 
Soduini . 


Mo 96-0 
Nd 144-3 
No 20-0 
Ni 68-68 
N 14 01 
Os 190 9 
0 16-00 
Pd 106 7 
P 31-0 
Pt 196 0 
K 39 10 
Pr 140-6 
Ea 228 4 
Eh 102 9 
Eb 86 46 
Eu 101 7 
Sa 160-4 
So 44 1 

50 79-2 

51 28 3 
Ag 107-88 
Na 23-00 


Strontium 
Sulpluu . 
Tantalum 
TeUuiium 
Teibiuin . 
Thallium 
Thoiium . 
Thnluim 
Tm. 


Titanium 
Taugaton 
Uranium 
Vanadium 
Xenon . 

Yttorbium (Nooyttoibium) 
Yttaum , 

Zinc 

Zirconium 


Sr 87 62 
S 32-07 
Ta 181 0 
To 127 6 
Tb 169-2 
T1 204-0 
Th 232-42 
Tu 16S-6 
Sn 119-0 
Tl 48 1 
W 184-0 
U 238 6 

Y 51-2 
Xe 130-7 
Yb 172-0 

Y 89 0 
Za 66-37 
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Numerical Eelatious of the ComMiiing "Weights. — Two Jiveelious 
have been taken in the attempts to draw general conclnsions from 
the material otTered by the atomic weights of the elements. A line 
of thought first pursued by Front (1815) and shortly aftorwaids by 
Meinecke (181 7) starts from the philosophical assumption of a fuiida- 
moutal substance or “protyle.” This was thought to exist in hydrogen, 
.iiul therefore the conclusion had to ho drawn that, if all the other 
elements consisted of hydrogen, their atomic weights must be multiples 
of that of hydrogen. 

This hypothesis was widely diffused in England, especially through 
the instrumentality of Thomas Thomson,, the author of a then 
popular treatise on chemistry, who sought to support it by expori- 
luents, which were, however, very iiisuflicieut for the purpose. On the 
Continent it met with no success, HerzGlms had declared it to be 
incou'oet from the consideration of his own dotoruiiiiations ; and the 
review of the whole question hy Turner at the instigation of the 
British Association proved the accuracy of r)erzclins’s numbers. 

However, when the error in the atomic weight of carbon was 
discovered in 1841, and this was shown hy the work of Dumas and 
Stas to ho to that of hydrogen as nearly as po-ssihlo in the latio 
12 ' 1, and when, in addition, Dumas found the atoniio woight.4 of 
oxygen and lutrogon to be respectively sixteen and fourteen times 
that of hydrogen, the Fiench savant did not hesitate to express 
his conviction that'a general law was here in question. He devoted 
himself afterwards to test this, and came to the conclusion that 
though all the atomic weights were not multiples of that of hydrogen, 
still the half of this value was the basis of all the others. He was 
afterwards forced, hoivever, to halve this unit .ilso, so that according 
to his latest views all the atomic weights might ho represented as 
multiples of the fourth part of that of hydrogen. 

The whole subject loses the greater part of its iiiteiest by this 
qualification, as the degree of accuracy of the iletermiiiations in the 
case of many elements does not roach the unit given hy Dumas, so 
that the hypothecs cannot really he tested 

The same question was taken up simultaneously by J. S Stas, 
who restricted himself to the investigation of feiver elements than 
Dumas, but far surpassed his teacher and former collaborator in the 
exactness of his determinations. Stas gives as the result of his 
researches the opinion that Front’s hypothesis is altogether in- 
admissible ; it represents merely an approximation to the truth, all 
the atomic weights determined by Mm differing from those required 
by the hypothesis by quantities niiich larger than the possible errors 
of experiment can account for. 

Altbougli the question seemed finally settled by this work, it 
has nevertheless .always sprung iqi again. The reason of this is the 
real approximation, already mentioned, of the values to multiples 
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of tlie atomie weight of hydrogen. A glance at the table on p. 150 
shows this idainly. There have consequently always been people 
who considered the integral values to he the only correct ones. No 
ox[iknation at all probable of the actual deviations has yet been 
given ; especially so as no chemical process is known in which the 
mass of the given material undergoes any change. We must 
therefore at present simply take the numbers as experiment gives 
them, and leave unanswered the question as to the cause of their 
siiTprisiiig apiiroximation to multiples of hydrogen. 

Besides those considerations, hitherto fruitless, another series on 
the same subject but fa a different direction has been pursued from 
the beginning. This series, in contrast to the former, has yielded 
well-defined regularities, which are submitted to the reader in the 
following pages. 

Precursors of the Periodic Law. — ,T. B Eichter (1798), after his 
first discoveries on the mass relations exhibited when an acid is 
neutralised by different bases — the beginning of the scientific 
investigation of the subject, — at once conceived the idea that his 
constants, quite apart from their general significance, were subject 
to special laws. If they wore arranged according to their magnitude, 
the numbers in Ins opinion followed a strict law, for which he 
assumed different expressions at different times The general 
acceptance of the fniidamontal laiv discovered by Eiohter was much 
ratal dad by his holding to tho above idea with 'such tenacity that 
he almost lost sight of the chief discovery. However, he was so far 
justified in that the regularities suspected by him actually exist, 
although not in the form he attributed to them 

At first only the constant combining numbers for acids and bases, 
and afterwards those for metals, received the above-mentioned 
gaueralisation, a generalisation which led to the atomic theory. 
Soon after the advancement of this theory, Ddbereiner (1817) drevr 
attention to a certain regularity by showing that the atomic weight 
of strontium (87'6) lay midway between the atomic weight of calcium 
(40T) and that of barium (137'4). For our more exact numbers, 
which I have placed in brackets, this is not strictly true, as the 
calculated value is 88'7 instead of 87‘6, but the approximation is 
at all events remarkable, especially as we find the same thing repeated 
several times. Lenssen (1857), indeed, attempted to arrange all 
the elements in triads in this way. 

Pettenkofer’s supposition (1860), that the atomic weights of 
similar elements form arithmetical senes, is more like the original 
ideas of Richter again. Kremers, Gladstone, and especially 
Dumas, further develojied the subject in various ways. 

The Periodic Law. — ^The idea which proved to bo the most fruitful 
was advanced by Newlands in 1864, although in somewhat 
inadequate form, so that it did not find ready recognition. He not 
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only avrauged llio similar elements in series, lint also tlio whole of 
the elements aceording to the magnitudo of their atomic weights 
It appeared from this arrangemciit that similar elements were found 
at ajiproxiniately equal distances in the series; counting from any 
one element, every eighth was in general more similar to the first 
than the other elements. This ho called the Law of Octaves, Imt 
did not succeed in fully carrying it out. 

Lothar Meyer and Mendelojeff independently (1869) mot 
with more success, and their conclusion may ho expressed as follows . 
the properties of the elements arc periodic functions of 
; their atomic weights Thus, if all the elements are arranged in 
the order of their atomic weights in a series, their properties will so 
. vary from member to momher that after a definite numbor of 
elements have been passed either the first or very similar properties 
will recur, 

Tlio carrying through of this idea met with great difficulties at 
the outset The reason lay partly in the fact that at tluit time 
there was no systematic way of choosing tho true atomic weight 
from those that appeared probable. For instance, if it is determined 
that carbon combines with oxygon in the ratios 12 : 16 and 12 • 32, 
it is, without other information, quite arbitrary to as.snnie in tlie 
first compound one atom of carbon to one atom of oxygen, and m 
the second, one atom of carbon to two atoms of oxygen. We might 
just as well put the atomic weight of carbon equal to 0 and write 
the compounds CjO and CO, or equal to 24, when the formulse 
would become CO, and CO^. The sides from which this problem of 
the right choice of the atomic weights could bo attacked were 
manifold, as will bo seen later, but at the period when Meyer and 
Mondelejeff developed their views there was no agreement as to 
how tho attack ought to bo made, although the general principles 
had been to a great extent discovered. In fact the iiriuciple we are 
discussing had often to be applied to decide between the possible 
values. 

Besides this difficulty another had to be overcome, namely, that 
' which lay in the actual false determination of some equivalents. 
Here, however, it was generally merely a question of transposing 
two neighbouring elements, several instances of wbich bavo been 
already mentioned, a more correct determination being brought 
about by this circumstance. Mendelejeff was both most energetic 
and most successful in this re.s23ect. 

The annexed table of the elements arranged according to their 
atomic weights is practically that of L. Meyer, extended to include 
the newly discovered elements The series is divided into eight 
classes, so arranged that the individual members of the first, third, 
fifth, seventh, ninth and eleventh rows are more nearly related to 
each other than to the even rows, and similarly with the even rows. 
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The Similar olomeuts arc thus found in the samo coluinn, the 
likeness in many cases (but not always) being previously rceogiiisod 
111 the attempt to form “natural” families of elements. The 
members of the oven rows and of the odd rows consist of the 
elements which are most closely related; the affinity between the 
odd and even columns is not so great 

Tbo analogies are most luai'kcil in the general cbemieal properties, 
especially in tbo capability of forming acids or bases. Taking the 
table, wo have in the first double column the quite indifferent gases 
of the argon type , then follow the very strongly basic alkali metals, 
and the likewise strongly basic metals of ilie alkaline eartlia in 
the third column; then follow the metals of the earths whose 
oxides are weakly basic ; next come the elements of the carbon 
group, the oxides of which ai-e partly weak acids, the acid properties 
in each column diminisbing with increasing atomic weight. The 
members of the seventh column are already decidedly acid-forming, 
and those of the eighth exhibit this property in the most marked 
manner. 

A very remarkable regularity is observed with respect to the 
valency of the elements, as is indicated by the Homan numerals m the 
table. This jiroperty increases from 1 to -i ; from this point on the 
elements have mostly more than one valency, one towards chlorine, 
oxygon, etc., whi^h increases as we proceed, and one towards 
hydrogen, which decreases at the same rate. 

Further regularities shown by the physical properties of the 
elements as well as of their compounds in the preceding arrangement 
will be discussed later 

Discussion. — In both tables there are many vacant jilaces. They 
belong to elements not yet discovered Mendelejeff made use of 
the regularities just mentioned to predict the properties of uukuouu 
elements from those of their neighbours iii the table. He gave 
especially a somewhat detailed description of scandium, gallium, 
germanium, and Jihaiv compounds, none of which were known at 
the time he wrote his memoir, and to him as well as to science in 
general has been accorded the triumph of seeing those predic- 
tions for the most part fulfilled on the subsequent discovery of the 
elements. 

To the extreme right of the table, and to some extent out of it, 
are the iron metals and the platinum metals. They show certain 
regularities, falling into three groups of three each with atomic 
weights very, close together ; in the platinum metals the elements 
also are exactly alike in the formul® of the compounds which they 
can form. The elements of the argon type in the first column do not 
fit in well with the other elements, but form a group apart, with 
fnuch less affinity to the succeeding column than is the rule, 
i ^ The position of tellurium deserves attention. As previously 
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stated, its atomic -vvoiglit lias been found to be gvoater than would 
be expected from its position in the periodic s^'stcm, and repetition 
of the dotenniiiations has only seemed to confirm this (p. 146). As 
no one could think of changing the places of tolliiruiin and iodine, 
there i.s a real contradiction between the arraiigciiioiits according to 
atomic weight and according to natural affinity. 

A similar case of inversion is repeated in Aigon and Potassium. 

Some explanation of this may be found in the fact that the 
difforence-s of atomic weight between corresponding members m the 
table are not constant, but vary irregularly within fairly wide limits, 
ff.'it wi^re ayi{pci;’ljifyf the atopiiic weights should not only decide the 
Older in the' series, but sliould^be numerically arranged in a regular 
1^jiinly’)hj'rHiro conclude that the relations expressed in 
the periodic system are the ouicome of several independent factors 
^hoso iiifluoiico varies . r 

The same oirciimstauces which make these differences smaller or 
■groatqr’imHy, jn’’Sofne cases, bring about a change of sign, ie. change 
(he order of two <iIoraonts in the series. This is what may occur in 
tliu case of iodine and tellurium ; and the necessity of placing argon 
hotween clilorino and potassium points to a similar inversion of the 
sign of the difference. 

After the symbol of lanthanum in the third series, “ etc is 
added, to signify that the other “ rare earths ” cerium, neodymium 
and praiseodymium are to be inserted here 

As there is only one place available here in the table, there is 
again an irregularity in the system. These elements are still more 
alike than the elements of the iron group, and thus it aiipears as if 
the circumstances which usually give rise to a single element, had 
here resulted m a number of very similar elements, somewhat after 
the fashion of the formation of asteroid planets 
I The “ periodic system ” of the elements is by no means perfect. 

I Elements are frequently parted in the preceding tables, which an 
j unprejudiced observer would consider analogous in their compounds 
1 (cp. coiiper and mercury), while others are placid together which 
! appear altogether dissimilar, as sodium with copper, silver, and gold. 
It i.s to he lioped that such incongruities will be removed in the 
future by new facts and by fresh considerations The periodic 
I system i.s therefore not to be looked upon as tlie conclusion, but 
rather as the commencement of a train of ideas eminently fruitful. 

Wo may conclude with an observation of a general character 
From the fact that the mass of the various substances is not changed 
in a chemical process, it is apparent that the mass of a chemical 
compound is the sum of the masses of its components. Such 
properties, which are independent of the state of chemical combina- 
tion, and whose numerical value m compounds therefore appears as 
the sum of the values belonging to the ditferent components, will in 
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future te called additive. From the oxistouco of such properties 
it has been concluded that chemical compounds actually contain their 
components as such, the arrangement only being changed; 1he 
additive properties form, therefore, the foundation of the atomic 
theory ; they are, however, independent of any hypothesis. 



CHAPTER VII 


UAV-LaSSAC’S LAW 

In tho course of experiments on tbe proportions by volume in wbich 
oxygen and hydrogen combine to form water, it was found at tbe end 
of last century that tho ratio was 1 : 2. That they combined exactly 
in tliis proportion, as nearly as the experimental resources of that age 
allowed it to bo determined, was first enounced by Gay-Lussac and 
Humboldt in 1806. Three years later Gay-Lussac established 
in a nienion, afterwards famous, that this was only a special case 
of a law that held for all gases. The law runs thus : If gaseous 
substances enter into chemical combination, their volumesl 
are in simple rational proportions, and if a gaseous sub-1 
stance is formed by their union, its volume'^also is rationally || 
related to tho volume of the original gases. All the volumes 
must, of course, be measured at the same temperatm’e and pressui’e. 

This law evidently allows us to calculate the densities of gaseous 
compounds from those of their elements, if we know the volume 
relations on their formation. Two vols. hydrogen and 1 vol. oxygen 
give 2 vols aqueous vapour. Now the S 2 Decific gravity of hydrogen 
in the units given on ji. 42 is 2'02, and of oxygen 32-00. We 
calculate now as follows ; — 

2 vols. hydrogen weigh 2 x 2-02 = fl-Oi 
1 vol. oxygen weighs 32-00 

The resulting 3 vols. aqueous vapour weigh 36 04 
Consequently 1 vol. „ „ weighs 18 02. 

Observation gives 18-05, au almost identical number. 

If we consider that gases combine by weight in the proportion of 
their atomic masses or multiples of them, and now also in equal or 
multiplo volumes, then we see that the weights of equal volumes 
of gases, or their specific gravities, must be to each other as 
then- atomic weights or multiples of their atomic weights. 

The idea is not far to seek, to so choose the atomic weights that 
their rational factors will agree with those of the volumes in chemical 
158 
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comliitiiitioiis. Then the weights of equal volumes of the various 
gases will be to each other as the atomic weights. 

Howcvoi, one ditfieulty militates so strongly against this simple 
assumption that we have no option hut to lot it drop. When chlorine 
ami hydrogen unite to form hydrochloric acid gas, the volume remains 
unchanged, i.e. one litre of chlorine and one litre of hydrogen give two 
litres of hydrochloric acid. If we take such volumes of the two 
gaseous elements that each contains an atomic weight, there would 
be in the two volumes of hydrochloric acid only one combining weight, 
i.e. in the same volume only half a combining weight, 

A similar difficulty presents itself in the case of water. Tivo 
volumes of hydrogen and one volume of oxygen unite to form two 
volumes of water vapour. In the aliovo souse this would mean that 
one eomhimiig weight of oxygen unites with two comhining weights 
of hydrogen to form water ; since this has double the voliuiio of the 
oxygon, there would be in a single volume only half a combining 
weight of water, again in contradiction to Uio general law as to the 
combining weights of oompound substances. 

The case of phospliiiic is still worse One vol. of phosphorus 
vapour unites with 6 vols. of hydrogen, and 4 vols. of phosphine 
result. The combining weight of phosphine would bo only ono- 
foiirth of the sum of its coiistitnoiits. 

Wo are driven to the conclusion that a simple proportionality 
between gas density* and combining weight is out of the (luestion, 
unless we are willing to admit fractions of combining iv eights, 
which, from a purely stoichiometric point of view (p. 116) as well as 
that of the atomic hypothesis, is not permissible. A factor must bo 
introduced, which will differ from case to case, and the law of Gay- 
Lussac indioatos only that these factors must he rational numbers. 

Molar Weights. — The iiroblem now before us is to hx the smallest 
whole numbers which will permit of a consistent representation of the 
relations. Using the name molar weight for the density referred to 
the normal gas (p. 42), wo have the question . how many comliiiiing 
weights are there iitvthe molar weight, so that the molar v eight of the 
compound shall at least be equal to the sum of the combining weights 
of the elements ? 

In the case of hydrochloric acid, the assumption suffices that a 
molar weight of chlorine and hydrogen each contains two combining 
weights, and that molar weight and combining weight are the same in 
hydrochloric acid A similar assumption serves for water. But for 
phosphine, it must be assumed that phosphorus vapour contains four 
combining weights in the molar weight, in order that there shall be 
one combining weight of phosphorus in each of the 4 vols. of 
phosphine. In general, if one volume of a constituent results in n 
volumes of the compound, there are n combining weights in one molar 
weight of that constituent. 
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If the choiniciil fornmlfe are written in such a way that they 
represent molar weights, or that the quantities expressed by the 
formulas are proportional to the gas densities, the above-mentioned 
ratios are shown very diatinetly. We have the equations ; — 

Hg+Cl, =2HC1. 

2H., + 0.," =2H„0. 

P' + 0H,= 4PH3 

Considered in the light of these equations, all chemical reactions 
in which substances participate which are known in the form of gas 
or vapour, go to show that for oxygen, nitrogen, hydrogen, chlorine, 
bromine and iodine, two combining weights are contained in one molar 
weight; no compound is known a molar weight of which contains 
loss than half a molar weight of these elements. This is the reason 
for referring molar weights to a unit which makes the molar 
weight of oxygen 32, ie. twice the combining weight, 

For the few metallic elements which are known in the state of 
gas or vapour, the molar and combining weights are assumed to be 
identical. Phosphorus and arsenic require to have four combining 
weights ill a molar weight, vSulphur and selenium are like the other' 
non-metalhc elements, but show abnormalities which require further 
luontion. 


The following table shows these relations clearly. 

’ Atomic Molfir 

Weight Wfliglifc 

Katio 

1 Oxygen 

16 

32 

2 00 

2 Hydiogen , 

1 01 

2-02 

2-00 

3. Nitrogen . 

14 01 

•28 01 

2 00 

4. Chlorine 

35 46 

70 9 

2 00 

5 Bromine . 

79-91 

159 8 

2-00 

0. Iodine 

126-93 

258-0 

1 99 

7. Sulphur . 

32-06 

66 

2-03 

8. Selenium 

79-2 

160 

2-02 

9 Tellmnim 

127-6 

254 

1 99 

10. Phosphorus 

81 0 

129 '' 

4 1,6 

1 1 Artomo 

75 0 

304 

4 06 

12. Mercury 

200 

202 

1 01 

13. Cadmium 

112 

114 

1-0-2 

11 Zinc . 

85-4 

68 

1 04 

15. Potassium . 

39-1 

37 7 

•96 

18. Sodium 

23-0 

25-6 

1 11 


This table is a confirmation of G-ay-Lussac’s law, that gas density 
and atomic weight are in simple ratios. The deviations from whole 
numbers are caused by the vapours and gases not exactly obeying the 
simple gas laws. In the latter part of the list the deviations are 
partly due to the very great experimental difficulties 

Compounds.— While the substitution of molar or molecular weights 
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floes not mark any adranco in tho case of Glonientary substances, tlio 
advantage becomes ajiparent m compounds. It is found that tho 
combuiiiig or formula weiglit is tho same as tho molar weight. Tliis 
is well seen in tlm following table . — 


Water, H„0 . ... IS 02 

Amiiioma, NHj . . . I7‘0i 

Nitrogen inoimxitlc, NjO . . 44-08 

HjJrodilouc aofl, HOI . . . 36-47 

Clilmiuc iierovido, CIO3 . 67 -.'i 

Niti'osyl oliloiiib', NOOl . . 6.') 6 

Hydriocliu acid, HI . . . 127-it 

Hydrogen snlpliido, HjS . . . 84-0 

Siilpliur dioxido, SOo . . 64-0 

Snlpliur inonooliloridc, SjOla . . 134-9 

Hydrogon sekmdo, H^So . . . 81-1 

Hydrogen riiospbido, H,!’ 31-0 

Pliosjdioiu-, tricliloridf, PCI, 137'1 

Pliosphni-iH oxychloiiile, POClj . 16J 4 

Pliosiihorui sulphncbloiido, P.SCl, . 169 4 

Pliosplionis pontasnlidiide, P2.S5 222-3 

Hydrogon arhomdo, HjAs . 78-0 

Aihonio tnoxide, AS4OJ 39C-0 

Ai-sunio trichloride, A.sClj . . 181-4 

Mcrcurio chloride, Hg01» . 271-2 

Mci curie hi oniido, HgBro 360-2 

liloroiii 1C iodide, HgL . d.ll-O 

Cadimum bromide, cilBrn 272-0 


M()l.n- WelRht 
Olismved 
18-05 
17-10 
41 25 
36-62 
88 68 
67 53 
128-6 
31-48 
05 21 
130 2 
81-10 
33-90 
141-5 
1.54 -.5 
171-0 
222 3 
78 25 

399-4 
182 6 
284-0 
3.52-4 
•152-1 
270-6 


The two columns agree within tho limits of expcrmienUil orror, 
and the formula contains the smallest number of combining weights 
compatible with the given composition.^ This has liooii attained by 
choosing tho combining weights in the manner explained above and 
expressed in tho previous tabic. The relation to gas density has led 
to a choice of combining weights which permits of a very .simple and 
convenient ropresjiilation of all the circumstances. 

Compounds of Non-Volatile Elements. — These considerations may 
bo still fui-tlior extended. Obviously tho validity of Gay-Lussac’s 
law cannot depend on our experimental ability to investigate tho 
vapour densities of all the elements Now there are many compounds 
which are volatile, whoso vapour density and molar weight are there- 
fore known, altliough they contain non-volatile elements. Tlio law 
must apply in their case also, in the general form that tho molar 
weights of volatile compounds stand in a simple ratio to their 
combining weights. 

It has proved feasible to choose all the combining weights of tho 
elements in such a manner that on the one hand the quantities of 
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conipouiiUs represented by their molar weights are identical with 
their combining weights, and on the other these combining weights 
reprosout chemical reactions and systematic relations in the simplest 
and most convenient manner. The corresponding chemical formulte 
are either the simplest possible, or, if not, there are usually satisfactory 
I'Oasons for legarding the multiple formula as the more suitable one. 

The following table gives a survey of gases and vapours of 
compounds of elements which are themselves unknown in the gaseous 
state. 


Ml' thane, CH^ '. 

Ciirhon dioxide, CO.j . 

Silicon lotrachlondo, SiClj . 

Boron tncliloude, BCl, 
Alumininni clilorido, AlCl, 
Gallium eliloride, GaClj 
Indium chloiido, InClj 
L'hromyl chloiido, (Ji'OcCK 
Feiionsohlurido, FoClj 
Zinc chloride, ZnCla . 

Oujn'on.s chloiido, CuaClj . 

Lead chloride, PbCl.j . 

Bismuth chloride, BiClj , 
Th.allous clilonde, TlCl 
Antimony tiichloiidc, SbCl, 
Columbmm pentaolilonde, CbCh 
Vanadium tetrachloride, VdCl, . 
Tantalnni pontaohlorida, TaClj . 
ilolybdonum iientaohloiido, MoOlj 
Tungsten pentaohloiide, WCI5 . 
Uranium tstraoliloride, UCI4 
Stannous chloride, SuCb . 
Stannic chloride, SnOh 
Titanium tetrachloride, T1OI4 . 
Zhoomnm tctiaohloride, ZrCb 
Oeniianinm monosiilphide, GeS . 
tSomamum tetrachloride, GeOl, 
Geimanimn tetraiodido, Gol^ . 
Potassium iodide, KI . 

Thorium totraohlorido, ThOlj 


44 '0 

iro'2 

117 '4 
133 6 
176 '8 
184'6 
168-0 
126 -9 
136'3 
198-1 


M 


olar WelgUt 
Obaorveil 
10 1 


172-2 
117 -.6 
139-1 

177 6 
186-6 


125-2 

133-6 

200-8 


314 9 330-4 

6 266-1 

229-7 226-0 

271-6 278-3 

19S‘l 198-8 

S60-3 378-9 

273 3 274-2 

361 ] 368-1 

381-3 386 5 

189-4 193 8 

260-3 266-7 

190 198-8 

23^-4 236-2 

104-3 102-6 

214-1 215 6 

679-7 694-1 

166-0 '^169-5 
371-2 369-9 


1 he observed and calculated figures show an agreement mostly very 
satisfactory, considering the experimental difficulties, and at the same 
time indicate that the formnl® have the simplest possible form when 
the molar and combining weights are assumed to be equal 

Among organic compounds, t.e. carbon compounds, complex 
formnlm occur, but they are justified by their chemical behaviour. 
Ilere, too, the systematic value of this method is best seen, and so ■ 
It happened that the development of these considerations first took 
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2 ilaco ill organic cliemistry. Cli. Gerhardt (1841) was the first, 
investigator who oxjwesslj' stated that the most suitable fonuuhc 
of comiioimds are determined by their vaiiour densities. We owe 
to Cannizzaro (1858) the convincing proof that a similar choice of 
the comlnnaig weights of the elements leads to a simple and eon- 
vonient notation in the other branches of ehomistry. 

When we take molar weights of different substance-s into account 
in chemical reactions, we have to work with definite quantities, and 
therefore refer the originally relative figures to a definite unit, the 
gram. These numbers then denote as many grams as there are units 
in the molar weight; the name mol is given to those, the really 
measurable quantities in chemical considerations. A mol of oxygen 
is 32 g. of oxygen, and a mol of hydrochloric acid is 36'47 g. Almost 
all the iiroporties of substances with which we shall he concorneil, 
are referred to these quantities. 

Since 1 g. of oxygen in the molar condition occupies 700‘38 com., 
32 g. at 0“ and 76 cm. pressure will occupy 22412 coin. According 
to the definition, one mol of any other gas will have the same volume 
at the same temperature and pressure. The volume of one mol of 
any gas or vapour at a pressure p, and temperature t°, is given by 
22412 X 76 X (1 + at)/iJ. If the general gas equation, pv = rT, is 
referred to one mol of a gas, we have in r a general constant, which 
is independent of the gas or vaiiour. Its value is obtained from 
r = 2J(,V(,/273 = 76 x 22412/273 = 82-07, if the pressure is given in cm. 
of mercury. In absolute units 1013130 is substituted for 76, i.e. one 
atmosphere pressure in absolute units (p. 41), and the constant 
becomes 8-316x10^ in ergs/dogrees of temperature. This value is 
usually denoted by the letter H, and the gas equation takes the form 
in which it will subsequently be always applied. In this form it 
always refers to one mol of the substance, and R is therefore always 
8-316 X 101 

If we recollect that, as previously stated, pv is an energy- 
magnitude, we see^that the volume energy of the formation of one 
mol of any gas is 8-.316 x 10^ x Tergs, independent of the nature of 
the gas, provided it obeys the gas laws. 

For many purposes it is convenient to know R in other units. 
The most frequent is in gravitation units, 1 g. per sq.cm, being the 
unit of lu-essm-e. One atmosiihere is 1033 units, and Ii= 22412 x 
1033/273 = 84800 If the volume is in litres and the pressure in 
atmospheres, 

R = 22-412 X 1/273 = 0-08207. 

It may bo mentioned by ivay of illustration that in the sense of 
volumetric units, in which a solution is called normal when it contains 
a gram-formula weight in a litre, gases at atmospheric xiressure and 
0“ are 1/22-4 normal, and at room temperature 1/24 normal. 

Avogadro’s Hypothesis. — The historical development did not 
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follow tlio same Hue as the above treatment; it was aided by a 
hypothesis, supplementary to the atomic hypothesis. The first 
conclusion in this direction drawn from Gay-Lussac’s law was that 
equal volumes of different gases contain an equal number of atoms. 
This assumption was wrecked by the same facts which rendered it 
impossible to make molar weights and combining weights the same. 

To meet this difficulty, Avogadro (1811) and Ampere (1812) 
extended the atomic hypothesis, making a distinction between the 
smallest p.articles of chemical processes, the atoms, and the smallest 
self-existent particles, the molecules. These are not identical, as at 
first tacitly assumed,'' but the molecules may consist of a larger 
number of atoms. Amp6re, on crystallographic grounds, placed 
this number as at least four ; Avogadro, on the other hand, showed 
from purely chemical reasons that for the elementary gases the 
molecule need only consist of two atoms. 

When Avogadro advanced the statement that there are an equal 
number of molecules ni equal volumes of different gases at the same 
pressure and tumporatiiro, he came to the conclusion that the relative 
weight of molecules must be proportional to the gas density, and 
that accordingly the determination of vapour density affords a means 
of measuring the relative weights of molecules, just as the estimation 
of the oonibimng weight does for measuring the relative weights of 
atoms The idea of molar weight which was deduced above on a 
purely experimental basis, attains in this consideration the hypo- 
thetical significance of molecular weight; and the proof that on the 
one assumption, the combining weight of a compound can he repre- 
sented as the sum of the combining weights of its constituents, now 
becomes a proof that the molecules of compounds can be represented 
as always containing a whole number of each of the atoms present. 

Oolhgative Properties. — If we glance backwards at the relations 
which subsist between the volumes and the chemical composition of 
gaseous compounds, we see that they are of quite a different type 
from those which came to light when we considered the mass 
relations of chemical substances. As has been already mentioned, 
the latter are purely additive, *.e. the mass of a compound is the sum 
of the masses of its elements. 'With respect to the volume taken up 
by gases, this property is m a certain sense quite independent of 
then- chemical composition. If we take, for example, a definite 
volume of hydrogen and transform it into water vapour, its volume 
is not altered thereby. The water vapour can by combination with 
ethylene, OoH^, be changed into alcohol vapour, OgH;,© ; the volume 
still remains the same. Ethylene may again be added, so as to give 
butyl alcohol, C^H^gO, without a change of volume occurring ; and so 
on. Properties that always retain the same value for definite groups 
of substances, independent of the chemical nature and number of the 
atoms in these complexes, I have, at the suggestion of Professor 
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Wundt, named colligative. The volume of gaseouh substances, 
therefore, is such a colligative proirerty. 

As wo explained the existence of additive properties by the 
atomic theory, which states that in compounds the coniponout 
elements remain unchanged each after its nature (p. 118), so we now 
explain the existence of colligative properties by the assumption of 
molecules, i.e. independent atomic groups, which determine certain 
relations by their number alone and not by their nature or their 
chemical composition. 

If It is made quite clear that the regularities and methodic 
advantages, which form the basis of the molecular hypothesis, can be 
developed in a purely empirical manner, the familiar term molecular 
weight may be used, without committing one to the hypothesis. 
For scientific purposes a molecular weight of a substance merely 
means such a quantity that the constant E in tlio gas equation has 
one definite value, independent of the nature of the gas. It can only 
he applied to substances which occur in the state of gas or vapour. 
It will be shown later that the definition can bo extended to dis- 
solved substances. When the attempt is made to assign a molecular 
weight to liquids or solids which are not solutions, it is necessary 
to prove whether and in what way the definition applies in the 
new case. The presence of colligative properties can in general be 
regarded as such a criterion, since it ivas these properties which 
originated the idea. ' 

Abnormal Vapour Densities. — We have till now spoken only of 
those determinations which conformed to Avogadro’s hyiiothesis 
that equal volumes of different gases contain the same number of 
molecules. There have been discovered, nevertheless, a number of 
substances, though by no means a great number, which appear to 
form exceptions to the law However, it has been shown that those 
exceptions are only apparent, so that, instead of contivadicting the 
theory, they actually confirm it. 

One of the best known examples is to be found in ammonium 
chloride. Accordnljg to the formula NH^Cl it has the moleonlar 
weight 53'5, and its molar weight ought to be the same ; in reality, 
however, we only find it somewhat more than half this iiumbor, viz. 
29. The explanation of the inconsistency lies in the fact that the 
vapour of ammonium chloride does not consist of molecules of 
NH,,C1 at all, but principally of NHg and HCI, into which it has 
decomposed The volume is doubled, and the density reduced 
by half. 

The proof that the vapour of sal ammoniac is actually a mixture 
of ammonia and hydrochloric acid was first given by Pebal in 1862. 
He showed that on diffusion of this vapour the specifically lighter 
ammonia diffused much more rapidly than the heavier hydrochloric 
acid, and that both might be identified by their action on litmus 
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paper. Tho objections raisotl against the validity of this exporiment 
have all been Mibsequontly ausivoied. In tbo same way, ic by 
differanco in tbo rale of dillusion, and coiibequent separation, the 
proseuec of decomposition products has been proved for very many 
other substances that exhibited “abnormal vapour densities,” Thins 
every doubt has been removed that abnormally small vapour densities 
are duo to .such decompositions. 

linker has lately proved (1894) in another way that this is 
correct as regards ammonium chloride, for he has succeeded in 
deterniiiiing the density of the undecomposed vapour. Careful 
exclusion of moisture.reduces tho rate of reaction between ammonia 
and hyulrochloric acid (both the combination and the decomposition) 
to sueh an extent that solid ammonium chloride can be vaporised 
without decomposition. Por this vapour the normal value of tlie 
molar weight, G.8'5, was repeatedly found 

In particular cases the proof has been given in other ways, 
riiosphorus pontaehloride should have the molar weight 208‘3 ; 
Bmullor values, however, are always obtained, whicli vary greatly 
with tho toiuperaturo and pressure and sink so low as 104. That 
this IS caused by decomposition into PCIj and CU may be seen from 
the colour of tho vai>our. The uudccomposed vapour of the penta- 
chlorido has a very faint colour, if any, while chlorine is green. It 
was found that the vapour from tho peiitachlorido was likewise green, 
and that the green became deeper the smaller the density grew, ie. 
tho more free chlorine was split off. 

Just as tho irregularities observed in compounds may he explained 
by incipient decomposition into simpler components with corre- 
sponding increase in the number of molecules, so certain exceptional 
jihenouiena in the ca.se of the elements are capable of interpretation 
in the same manner. 

Tho vapour density of snljihur was found by Dumas to be 384 
at 500^ whereas according to analogy tho density C4, corresponding 
to tho formula S„ and the molecular weight 64, was to he expected. 
When tho exiieriments ivere repeated at liigEer temperature hy 
Bincau, and particularly hy Devillo and Troost, it was found 
that the normal value 64 was reached at about 800° and remained 
constant above that temperature. AVo must, in order to explain this 
phenomenon, assume that tho atoms of sulphur unite at low 
temperatures to form complex molecules, probably corresponding to 
the formula Sg, along with Sg (and perhaps and Sg) which then 
decompose at higher temperatures, into the simpler form Sg. 

Determinations of the molar weight of sulphur in various 
solvents give tbo higher molar weight Sg. On the other hand, the 
vapour density of sulphur just above its boiling-point varies greatly 
with the temperature j it is thus already partly decomposed. It 
therefore seems more iirobable that at lower temperatures the vapour 
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is a mixture of Sg and S,, in varying proportions. It is not clear, 
from tlio experiments made so far, Vlicther Sg and Sj exist at all. 

The ohiuige.s in the density of iodine vapour observed by Victor 
Moyer (1880) are still more striking. Up to 500° the density has 
the value 251, corresponding to the molecular weight 254 and the 
foimula I„. If the temperature be raised this value continually 
decreases, until at high tenijieratures (.about 1600°) and under 
ilirainislied pressure the value 140 is reached, which nearly corresponds 
to the formula I (Crafts and Meier, 1881). 

Similar phenomena have been observed in the case of chlorine, 
bromine and phosphorus, but the decomposition bore is nob so 
extensive. 

All these facts demonstrate the suitability of the idea of molar 
or molecular weight, and its applicability to complicated phenomena. 
A further test is the fact that vapours for which molar weight and 
comhining weight are the same as e.g. mercury, give no indication 
of change in vapour density at the highest attainable temperatures. 
From tho molecular standpoint, this simply means that molecules 
which contain only a single atom are incapable of further decom- 
iwsition. 

f Surface ■ Energy as a Oolligative Property. — There are other 
oolligativo properties besides th.at of gas-volume (or rather R). But 
for pure substances only one is known, although there is for dilute 
solutions a series of related colligative properties. The former is 
the surface energy and holds for liquids. 

If one mol of different liquids is left to itself ui a space and tho 
iufiuonce of gravity removed, each of the masses will assume the 
fonii of a sphere on account of its surface tension. The surfaces 
of these spheres are the molar surfaces, and the energy required to 
form them is tho molar surface energy. 

In the sense of tho molecular hypothesis, it may be stated that 
there is an equal number of molecules in each of these surfaces, since 
tho total number of molecules in the spheres is the same, and the 
spheres are geometrically similar ; at each surface, therefore, there is 
the same number of moleeules. 

Now tlio volumes of spheres are as tho cubes of the radii, and 
tho surfaces as the squares. Since the volume is equal to the molar 
volume, the siu'face is as the 2/3 power of the molar volume If this is 
multiplied by the surface-tension, we obtain the molar surface-energy, 
a magnitude analogous to pv, the volume energy of gases 

If V is the molar volume and y the surface tension, the molar 
surface energy is V^/^y, the general numerical factor being 

omitted. 

Eotviis (1886) and Ramsay and Shields (1892) have found the 
following laws for the molar surface energy. 

The molar surface energy decreases proportionally with the 
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teinponituro, hecoiuiiig zero at the critical point. The temperature 
coeliieiont is the same for all homogeneous liquids. If Wt is the 
molar surface energy at the temperature t, and Wq that at 0°, the 
equation 

wt = - Bt 

holds, the coeflicient B being iiulopoiiclent of the nature of the 
liquid. 

The Bimilarit.y of this ecpiatiou with the gas equation is still more 
uppareiil', if the toniperatui-e is counted backwards from the critical 
point or the zero value of molar stu'face energy. Denoting these 
temperatures hy D, the molar surface by m and the tension by y, 
the equation becomes 

yu = BD, 

which corresponds with pv = ET. 

B in absolute units is 2T2. 

It should bo stated that this equation does not exactly represent 
tlie facts. The molar surface energy is not quite linear near the 
critical point, so that tho temperatures ought to be reckoned from a 
point a fow degrees below the critical temperature 

Tho molar surface energy is thus a colhgative property like the 
vapour density (p. 165). The quantities so defined stand in the 
sanm simple relation to tho chemically comparable quantities, as do 
those defined by tho vaiiour densities, and this property serves to 
establish tho “molar weights” equally well The molar weights 
obtained m this way are in many cases proportional to those given 
by the vapour density, or tho same if the constant is suitably chosen. 
From the molecular point of view, the determination of the surface 
tension is a means of estimating tho molar weights of homogeneous 
liquids, just as molar weights of vapours can be estimated from the 
vapour density. 

Tho principles of tho two methods are independent, and it was 
not to be expected a priori that the results would he the same. That 
they are so is evidence of a very remarkable natural law. 

It has been found in the course of the investigations that all 
substancos do not obey this simple law ; the deviation from it being 
that 1 j comes out loss than 2T2. The normal value can be retained 
by tlie same process as was adopted to "explain” the abnormal 
vapour densities. All the values in tho equation for molar surface 
energy are experimentally ascertained except the molar weight ; if B 
diverges from tho usual value, the molar weight can he so chosen 
that the normal value is restored. If B is found too small, the 
molar weight must bo increased, to restore B to its usual value 
From a molecular point of view the substance in the liquid contains 
compound or associated molecules instead of the simple molecules 
which it forms in the vapour state. It is assumed that m normal 
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hiiwifls the molar weights determined from the surface tension are 
the same as those determined from the vapour density 

The propriety of this conception is made evident by the fact that 
many Kubataneos which are shown by this method to be associated, 
show signs of associated molecules even in the vapour. This is 
particularly so with acetic acid, -whose molar condition in the liquid 
is given by the formula (C„H^O„),„ in ivhich n varies between T3 and 
2'1 according to the tonipcrature. Further ovideiico is afforded by 
other methods of determining molar iveights in dilute solution (see 
under) , a tendency to form complex molecules is often recognisable 
in cases where the surface tension points to the same conclusion. 

In this class of polymerised liquids are the alcohols, with n 
approaching 2'C, the fatty acids, some hetonos, nitriles, many 
inorganic liquids, water in particular, for -which ii goes from 1‘7 at 
0" to I ‘3 at 110°. 

The hydrocarbons and their halogen derivatives, the ethers and 
esters are normal, as are also many inorganic liquids, acid chlorides 
and anhydrides, sulphur compounds, amliiie, pyridine, quinoline, etc. 
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» DILUTE SOLUTIONS 

General. — Strictly speaking, solutions belong to tlie next division 
of this work, which deals with the relations between two or more 
substances, while this book is devoted to pure substances as 
individuals. Still it seems appropriate to take up dilute solutions 
now. For in the state of dilute solution substances acquire 
colhgative characteristics which allow the state of solution to be 
regarded as a special form, analogous to the gas state. The 
relations to be developed are really the simplest limiting cases of the 
more general laws regulating the equilibrium between two or more 
suhstanoes ; but the simplification introduced by dealing with dilute 
.solutions alono is so great, and the laws are sq important, that a 
previous knowledge of the limiting case is the best aid to a complete 
understanding of the general subject. 

The condition of substances in solution has frequently been 
regarded as more comparable ; and many investigators have expected 
the simplest results in the case of dilute solutions. But these con- 
siderations first attained their present significance when va n’t Hoff 
( 1886 ) transformed the earlier vague analogies into a hard and fast 
theory adapted to numerical application. The fundamental idea of 
this theory is that dissolved substances follow the same laws as 
gases. When it is remembered what the simple and general 
properties of gases have meant for chemistry, leading on the one hand 
to the idea of molar weight, and on the other to thermodynamics, 
the enormous significance of the extension of the gas laws to a wider 
class of substances will be realised. If, in fact, the gas laws in any 
sense hold for dissolved substances, then, in place of the few substances 
which can be investigated in the state of vapour, the innumerable 
substances which dissolve in some solvent or other beeome to a large 
degree amenable to theoretical investigation, and with it to prediction 
of their behaviour. 

General chemistry has in the quarter of a century since the theory 
was enunciated made unusually rapid progress, and chemistry as a 
whole has made such a considerable advance in its development to 
170 
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tlio jjositioii of a science governed by general laws, as probably never 
before because of any other single idea. This and the comparative 
novelty of this advance justify the prominent position given to the 
theory of dilute solutions. 

Osmotic Pressure. — ^The most important idea, the comprehension 
of winch decisively led to the theory of solutions, is that of osmotic 
pressure. 

When a layer of pure water is brought over any aqueous solution, 
say one of sugar, the system does not remain in this condition. As 
ill the case of a gas whose density in a given space is not everywhere 
uniform, the sugar at once begins to rise against gravity and to 
diffuse into the water, the motion only ceasing when the substance 
is uniformly distributed throughout the whole mass of water. 

This motion may bo arrested by bringing between the solution 
and the pure solvent a septum which will lot the latter pass but not 
the dissolved substance. Such a " soiui-poriueablo ” wall can be 
prepared by saturating a porous earthenware coll first with a solution 
of copper sulphate, rinsing it carefully out, and thou filling up with 
a solution of iiotassium ferrocyanide. On and within the earthen 
wall there i.s formed a continuous sheet of copper ferrocyanide through 
which water can be filtered. It we try to filter a sugar solution it 
requires a much greater pressure, and what passes through is not 
sugar solution but pure water. 

Instead of the precipitate of copper ferrocyanide we may employ 
many other amorphous substances with the same eftect, e.g. ferric 
oxide, silicic acid, taniiate of gelatine, and the like. The iirotoplasm 
of organic cells is generally clothed with a pellicle which has the 
same property as such artificially prepared membranes. 

If such a prepared cell is filled with sugar solution, and then 
closed by a stopper which admits of connection with a manometer, 
we observe an increase of pressure in the interior of the cell to a 
definite maximum when it is placed in pure water. The maximum 
value IS dependent on the concentration of the sugar solution and on 
the temperature. 

The Laws of Osmotic Pressure. — If the tomperaturo is kept 
constant, then the pressure is propoi-tional to the strength of the 
solution (Pf effer, 1877). The final pressures are very considerable ; 
a one per cent solution of sugar giving 50 cm. of mercury, and a one 
per cent solution of potassium nitrate a pressure of more than 3 atm. 

The proportionality between concentration and pressme is seen 
from the following measurements by Pfeffer on sugar solutions ; — 

Ciiucuntiatlon Proisure Itntio. 

1 per cent 53'6 cm. fi8‘6 

2 „ 101 6 „ .W-8 

2-74 „ 1518 „ 56-4 

4 „ 208 2 „ 52-1 

e ,, 307 .'),, ni-3 
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The law that regulates the osmotic pressure has exactly the same 
form as Boyle’s law, for the pressure exercised by gases is proportional 
to their density or concentration. Eecent measurements of Morse 
have proved this up to 24 atmospheres. It has been shown by many 
other moasuroniants, both direct and indirect, that the law of osmotic 
pressure holds for all dissolved substances no matter what their nature. 

Temperature has the same influence on osmotic as on gaseous 
pressure: The pressure increases proportionally with the 
temperature, and in the same ratio for all dissolved sub- 
stancos. Moreover, this ratio, or the coefficient of pressure, has 
the same value as in the case of gases. 

Thus, if we Imotlr the osmotic pressure Pd at 0°, it will be at 
t° equal to Po(l + ‘OOSGTt). Theielation may therefore be expressed 
in the same way as for gases. The osmotic pressure is propor- 
tional to the absolute temperature. Injiroof of this important 
relation I give the following measurements by Pfeffer and the 
corresponding values calculated by van’ t Hoff ; — 

Pnwsurn. At | At Obaervm 

Cano sugar 64‘4 3 ‘ 

„ . 66-7 8 

Sodium taitrato 160 A 3 


The values were calculated on the assumption that the coefficient is 
•00367. The differences are not greater than might arise from errors 
of experiment, 

1 Fiom experiments with living cells it has been also proved that 
I solutions that are in osmotic equilibrium with the cell contents at 0° 
* remain so at 34°. The increase of pressure was shown in this way 
to bo always the same, however different the solutions employed 
might he, and however complex the cell contents 

The Constant R. — We can thus represent the osmotic pressure of 
substance, s in solution by the same general fomula as we employed 
for gases, viz, pv = RT. The question now arises, what value the 
constant E will have in the case of solutions, it,, being always the 
same for equimolar quantities of different gases. It has already been 
calculated (p. 163) for gases and found to be 8 316 x 10^ in absolute 
units. 

Now Pfeffer found the pressure to be 49'3 cm. of mercury for a 
one per cent sugar solution at 0°. The molar weight of sugar, 
OjjHooOjj, is 342 ; the voliune in which 342 g. of sugar are contained 
is therefore 34200 com. The pressure of 49’3 g. of mercury is 
equal to 49'3 x 13'69 x 980 = 6 66 x 10®. The temperature 0° C. 
is 273 in the absolute scale. For sugar the constant is therefore 
T, 6 56 X 10® X 34200 

•h = 8'22xl0". As we see, this agrees with 

the gas constant within the limits of experimental error. 
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Conseqviontly, tlio osmotic pressure of a sugar solution 
li.is tlie same value as the jiressure that the sugar would 
exercise if it wore contained as a gas iii the same voliune 
as is occupied by the solution. 

- The gas equation pv = KT holds unchanged with the same constant 
for solutions, only that p hero denotes the osmotic pressure. For 
this extremely important principle wo have to thank J. H. van ’t Hoff 
(1886). 

The question, if this be the same for other temperatures and 
conoontrations, must bo at once answered in the affirmative, as the 
applicability of the laws of Boyle and Glay-Luosac to solutions has 
been already proved. We have only now to ask if Avogadro’s law 
bolds for solutions, i.e. if all other substances besides sugar exhibit 
the .same value for R when molar quantities are considered. The 
answer in this ease also is in the affirmative. It is true that there are 
very few direct measurements of osmotic pressure, but it ha.s been 
established by the method with organic cells, already indicated, that 
solutions of the most diverse substances have the same intluenco, if 
those substances be contained in the solutions in the ratio of their 
molecular weights. 

All the comprehensive relations previously developed as to the 
connexion between vapour density or molar weight and combining 
weight are thus found applicable to solutions, so wo may say in 
general that the state of substances in solution is in the widest sense 
comparable to that of gases. 

Exceptions. — Certain groups of substances, in particular salt.s, 
together with many acids and bases, show variations from those 
simple relations. The osmotic pres.suro they exorcise is much larger 
than it ought to be from their molar weight ; for potassium chloride 
it is almost twice as large. 

Quite a similar irregularity, it will be remembered, appeared in 
certain definite oases (ainmoniiini salts, etc ) with the vapour density, 
i.e. the density wiis smaller or, ivhat is the same thing, the pressure 
was found to bo much greater than it ought to be according 
to theory. The abnormalities were there explained by admitting 
the sulistances' to be dissociated, i.e. to have split up into simpler 
molecules. The number of mols was thus actually much larger 
than that which corresponded to the formula of the iindecoiuposed 
substance, and therefore the presisure was greater in the same ratio. 

It is natural to assume a similar explanation here — to look upon 
the substances, which exhibit similar abnormalities as being likowiso 
dissociated in their solutions. It will be shown later that this 
assumption is really well founded, and exjilains not only this 
phenomenon but a great many others. 

Diffusion.— The recognition of the existence of an osmotic pressure 
between a concentrated and a dilute solution of a substance was 
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directly deduced from the fact that a dissolved substance travels 
from the place of greater concentration to that of less concentration. 
The possibility of direct measurement of osmotic pressure lay in 
preventing this movement. Conversely, a theory of this movement 
can bo based on this idea of osmotic pressure, and affords further 
experimental test of its validity (Nernst, 1888), 

Consider two adjacent solutions with osmotic pressures p^ and 
Pjj the dissolved substance (solute) will be driven from > the con- 
centrated to the dilute solution with a pressure p = Pi-p2 The 
velocity of this motion is proportional to p and also to a coefficient 
representing a hind of friction which uses up energy. The velocity 
is so small that the kinetic energy is vanishingly small, and the whole 
work is converted into heat. 

To obtain a measm-e of this property, the diffusion constant, 
the quantity of substance which in unit time, 1 second, passes through 
a cylinder of 1 sq.cm, cross section, and 1 cm. in length, with a unit 
difference of concentration at the two ends of the cylinder, is 
determined. This definition holds only after a steady state has been 
reached in the cylinder. The concentration then diminishes 
proportionally with the length, counted from the end of greater 
concentration, and the amount passing through the tube represents a 
constant stream. 

An experiment of this kind can be made by filling up a cylinder, 
i.tj. a piece of glass tube, with a jelly of gelatine or silicic acid, the 
one end being placed in a slowly moving stream of solution of unit 
concentration, the other end in pure water.^ After a sufficient time 
has elapsed, the quantity of substance which has passed through is 
estimated ; it is proportional to the time and the diffusion coefficient. 
If the tube is uot of the prescribed dimensions, a correction must be 
made ; the amount of substance passing is dhectly proportional to 
the cross-section of the tube and inversely proportional to its length. 
The amount actually found for unit time must therefore he divided 
by the area and multiplied by the length p 

The numbers expressed in those units are very small, and it is 
ouatommy to take the day as the unit of time in place of the second • 
this increases the coefficient 86400 times. As an illustration of the 
magnitude of diffusion coefficients, it may be mentioned that 0-312 e 
diffuses through a unit cylinder from a 1 per cent sugar solution in 
1 day. 

In view of the large osmotic pressures of even dilute solutions 
the velocity of diffusion seems surprisingly small. The explanation 
from the molecular point of view, is that a given quantity of substance 
in a resisting medium experiences a greater resistance, the finer its 
state of division. A sphere of 2 cm. radius has a cross-section of 
i-TT sq.cm. ; if It IS divided into 8 spheres of 1 cm. radius, the 
' Most sutstaucos diffuse m jellies at tlie same rate as m pure irater. 
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of tlieir erosh-sectiona la Stt sq.cm., thorefove twice as groat, and so on. 
The total crosa scctioii is iiivorsoly proportional to the iimulior of tlio 
(geometrically .similar) particle.^ ^ formed, : q., = r.^ : r^, and incrcafios 
rapidly with increasing division. The friction for the niovoment of 
the .same amount of substance is proportional to the total cro.ss- 
soction. 

The diftiision constants do not differ luucli for different substances ; 
they arc in general smaller the greater the molar ivoight of the 
substance. If the constants are referred to concentrations expressed 
in percentages by weight, as is usual, there are two grounds for this 
decrease The differenee of osmotic pressure f-jr the .same difference 
of concentration by weight is smaller the greater the molar weight ; 
on the other hand, .substances with high molar weight diffuse much 
.slower under the same difference of osmotic pressure, as they meet 
with greater resistaiico ; this again from the molecular standpoint is 
connected with a greater cross-.scetion of the moving iiiolecule.s. 

The temperature effect is nearly the same for aqueous solutions of 
different substances ; the diffusion constant increases a little faster 
than the temperature ; the increase for each degree botwoon 0" and 
20° 18 about ‘023 the value at 20T 

Crystalloids and Colloids. — There are many substances whoso 
solutions have practically the .same freezing-point or boiling-point ns 
the pure solvent , their molar weight is therefore very great. They 
also diffuse with great sloivness, and me di.stingiiishod from ordinary 
or crystalloid substances ns colloids. Silicic acid, ferric hydroxide, 
many sulphides of heavy metals and also many metals can exist in 
this ooiulitioii ; lately it has been found that almost any sparingly 
soluble substance can be got in the colloid state in a suitable solvent. 
Very many animal and vegetable substances exist in the colloid state, 
especially the different alhnmins, gelatine (which has given the name 
to the group) and many others. 

As mentioned above, most substances, especially the true 
crystalloids, dilfuan unhindered through jellies, ie. through colloid 
masses, with no appreciable change of rate. But this is not the case 
witli colloid.s ; they are more or less completely retained by septa of 
other colloids, and mixtures of the two classes of substances can be 
separated by subjecting them to diffusion through colloid septa. 
Animal membranes such as bladder, p.archment paper, collodion, films 
of gelatine, servo the purpose (Glraham, 1862). 

There is a gradual transitiou between crystalloids and colloids, so 
no sharp line can be drawn between them, and the ability of septa 
to allow the former to pass through, and to retain the latter, is a 
diff'ereiice in degree only. The velocity of dilfiisiou of certain 

' If n, mid II.. ni'u tlia nuiiiljois. r. mid r,. tliu riidu or in (;fuci'al a lioiiioloi'oiis 
diriioiihiou ot i^.irticlos, qj and tin) total oioss-aectlons, the rroportiona hold 
n,/ii„=r.2Vii“, and qi/q3=Hirj7n2r2= -whence qi/qa=r2/rj. 
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crystalloids is very considerably reduced by some of the septa 
mentioned As sejita between two different concentrations of such 
a Bubstanco, they experience an osmotic pressure, which, however, is 
only a fraction of the whole pressure , just as a not quite gas-tight 
wall does not experience the whole pressure of an enclosed gas. All 
the seini-iiormeable septa which can be practically prepared are of 
this nature ; they will never be perfectly tight for any substance but 
will permit it to jjass, although it may be at such a diminished rate 
that the difference between the observed pressm'e and the theoretical 
value may be immeasurably small. 

Determination of Diffusion Constants. — The use of these partially 
permeable membranes explains the lack of agreement and the 
complicated nature of the phenomena at first observed, which under 
the name of diosmosis, dialysis, etc., ware often investigated on 
account of their physiological interest. Not until Graham (1851) 
returned to the process of free diffusion previously investigated by 
Parrot (1815) were the main aspects of the phenomena recognised. 
By the preparation of almost ideal somi-permeable septa, Pfeffer 
(1887) laid the experimental foundation on which van’t Hoff (1886) 
built hi.-i theory. 

The arrangement adopted by Graham was to place a concentrated 
solution of the substance at the bottom of a cylinder, and a layer of 
pure water over it. After a long time the upper layers into which 
the substance had diffused, were withdrawn by moans of a syphon, 
and analysed Under comparable conditions, the greater the diffusion 
ooefBcient, the greater is the concentration, but the two are not 
directly proportional. The complicated formula, given by Stefan, 
from which it can be calculated, need not be reproduced 

Determinations of diffusion are m all cases rendered difficult by 
reason of the convection currents caused by slight alterations of the 
temperature; these cause mechanical mixture of the layers which 
falsify the results of pure diffusion. The disturbance is always in 
the direction that the mixture has gone further t^ian would happen 
by diffusion alone ; and consequently the apparent coefficient comes 
out too high. 

It is a great simplification to maintain at one end of a long 
column of solvent a constant concentration of the solution (keeping 
the solution saturated by the addition of the solid). The distance 
which a definite (just recognisable by some reagent) concentration 
has advanced is then proportional to the diffusion constant, to the 
square root of the time aud the constant concentration at the end of 
the column. The same holds for the quantity of substance which has 
diffused. 

Significance of Diffusion. — ^Diffusion phenomena are of very wide 
occurrence in nature, and exercise a great influence on the course of 
natural processes. This is particularly so in plant and animal 
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organisms, in which they partially carry on the transport of ahsorliecl 
and rvasto material. As their tendency is to etpmlise the differcm:es 
of concentration of all substances, and with them all chemiciil 
differences, there must he aonio mechanism to keep these dilForencos 
intact wherever they arc necessary. This is accomplished by sparingly 
soluble forms of the chemical compounds (e.ff. starch) ivliich precipitate 
from the solution and are no longer diffusible, or by the formation of 
colloids, which also are incapable of diffusion (like most of the constitu- 
ents of protoplasm) or finally by the cells being protected by semi-per- 
mcable membranes, which do not allow the substances to pass through. 

It is to be noticed that in the short intervals of time, snch as 
occur hero, the distances accomplished by diffusion are very small. 
Where more considerable distances are required, some other means of 
conveyance in mass are in force, and wo find convection at work 
w'herevei material has to ho transported a considerable distance. 
Instances are found in the blood circulation in animals, niovcinonts 
of sap in plants, the collection of oxygen dissolved in sea-water by 
the gills of fishes, and there are many more. In those cases diffusion 
is coupled with convection, the final absorption of the mechanically 
supplied material being n diffusion process. It is easily proved that 
.so simple an experiment as stirring up a rough mixture to a liquid 'of 
uniform concentration is by no means a merely mechanical process of 
mixing. If there wore not diffusion between the layers of different 
concentration brought together by the stirring, much more lime would 
be required, and the mixing would remain incomplete, as may be 
easily observed on mixtures of different powders. 

Dissipation. — In conclusion, diffusion pbenomena belong to a 
general typo winch includes heat conduction, electric conduction, 
viscosity and many other 2 irocesses. They may be characterised as 
phenomena which dissipate energy in sjiace, since free energy, capable 
of doing work, equalises itself without performing any corresponding 
work; in the last resort it passes into heat. For energy to be 
convertible, there must be a difference in its intensity. A “con- 
duction” of energy takes iilaco between two places whore snch 
a difforonco exists, tending to obliterate the difl'ereiice. This jirocess 
is proportional to the difference of intensity or gradient, and its 
course with time depends on definite constants which are partly a 
function of the nature of the material, and partly conditioned by the 
geometrical form of the conductor. 

These analogous processes are groujied together under the 
analogy of one particular case, that of the flow of a liquid. In 
using this analogy, it must ho remembered that the flowing things 
in the other cases do not possess anything similar to kinetic energy, 
and that, in consequence, it only holds when the resistance to the 
flowing liquid is so great that the velocity is relatively small and 
the kinetic energy vanishes. 
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The theory of these phenomena was very completely developed 
by Fourier (1822) for the conduction of heat. Afterwards it was 
only necc.ssary to seek out in the other regions' the magnitudes 
corresponding to temperature, quantity of heat, and conductivity for 
heat, and to substitute them in the equations. This was done by 
Ohm (1827) for the conduction of electricity, ' and by Fick (1866) 
for ditfuBion. 

■Vapour Pressure of Solutions. — It is a general experience that the 
vapour piessiire of liquids which contain substances dissolved in 
them is smaller than that of the pure liquids. The laws of this 
phenomenon, in the first instance for solutions of non-volatile 
substances, were ascertained by Babo (1848) and Wiillner (1856). 
They are to this effect, that the lowering of vapour pressure is 
proportional to the amount of substance dissolved, and 
that for one and the same solution, the lowering at any tem- 
perature always remains the same fraction of the vapour 
pressure of tho pure liquid at that temperature. 

If we thus denote by f tho vapour pressure of the solvent, that of 
tho solution by f', and by g the amount per cent of the dissolved 
substance in the solution, we have 


where r is a constant which represents the relative lowering of 
the vapour pressure for a one per cent solution. 

This law, however, like so many other such, is only an ideal law,) 
to which the actual relations approximate more nearly the moref 
dilute the solutions become. In concentrated solutions we have| 
deviations, corresponding to those of gases at high pressures, and 
susceptible of a similar explanation. 

If we refer the constant r, or the relative lowering of vapour 
pressure, not to equal weights but to molar weights, we at once 
find an additional general law, the products of the relative decrease 
and the molar weight being constant for one arffl the same solvent. 
Thus, if we dissolve in equal quantities of a liquid such amounts of 
different substances as are proportional to their molar weights we 
obtain liquids with the same vapour pressure, The rule may be 
stated thus : The molar lowering of vapour pressure produced 
by all substances in the same solvent is constant. 

If, lastly, we compare the relative lowering experienced by 
different solvents, we find them to he equal when equal amounts of 
a substance are dissolved in quantities of the variems solvents pro- 
portional to their molar weights. Here the vapour pressure of the 
solution IS to that of the pure solvent as the number of mols of 
the solvent is to the total number in the solution. 

Now, if G- be tho weight of the solvent, g that of the dissolved 
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substance, M and in being the corresponding molar weights, then 

= N and ^=n are the relative numbers of the mols. If, 
M ni 

further, f and f' represent as above the vapour pressure of pure solvent 
and of the solution respectively, wo have, from ivhat has been already 
stated, 

r_ N 

f “N+n’ 

which can be transformed into 

f-f n 

' f “n+v 

The relative lowering of vapour pressure of any solution 
IS equal to the ratio of the number of mols of the dissolved 
substance to the total number of mols in the solution. 

By using the equations ^ = N and = u wo have finally 

fj^T ^gJ^ 

f gM + Gm' 

The preceding rules were mostly discovered empirically by F. M. 
Raoult (1887). In the last equation there are, beside the molar 
weights of the solvent and the dissolved substance, oidy directly 
measurable magnitudes. If the molar weight of the solvent in 
the vapom state is known, the mol.ir weight of an unknown sub- 
stance can be calculated from the rol.ative depres.sion of the vapour 
pressure caused by dissolving a weighed amount of the substance in 
a known quantity of the solvent. 

Determination of Molar Weight. — In view of the great importance 
which attaches to the determination of the molar weight of new 
substances for asiy-rtainmg their constitution ami their general 
chemical behaviour, tho practical importance of this equation is 
readily appreciated. It extends tho jicssibility of estimating molar 
weights to all soluble substances, instead of volatile ones only. 
Although half a century ago, when organic chemistry was occupied 
with the generally volatile compounds of tho fatty series, the lack of 
such an aid was not much felt, still, at the time of its discovery, 
when research was transferred to aromatic and cyclic compounds of 
high molar weight which are often inaccessible in the vapour state, 
it was very welcome. 

If tho above equation is transformed to show the molar weight of 
the dissolved substance, wo have 

in = gM(l - </>)/</>G, 
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in which </) = (£- For dilute solutions 4> is very small compared 
with 1, and oau ha neglected iii the numerator j we thus get 
m = gM/(^G, 


which can bo applied generally to determine the molar weight from 
the diminution of vapour pressure. 

The experimental process used at first was to determine f and f 
by the static method Owing to the difficulty and uncertainty 
of this method it has beeu replaced by the dynamic method, 
in which, however, a difficulty is encountered in that very special 
precautions are necessary in determining the boiling-point of a 
solution. It has been overcome, thanks to the researches of 
Beckmann (since 1889), and now a molar weight determination by 
this method is far easier than the determination of the vapour 
pressure of a low-boihiig substance. 

Boiling-point Method. — ^In this process instead of measuring the 
pressures at which the solvent and the solution have the same boiling- 
point, the boiling-points at the same pressure, that of the atmosphere, 
are determined If the relation between pressure and temperature are 
known for the pure solvent, the pressure which it would have at the 
boiling-point of the solution can be found, and we then have all the 
data for calculating the relative diminution of vapour pressure. 

Ill Pig. 25, 11 is the vapour pressure curve of the pure solvent, ss 
that of the solution, then f = ac and F = ab;’ <f>, the relative de- 



pression of the vapour pressure is 
bc/ac. 

The temperature at which the 
solution boils under the same pres- 
sure as the solvent, is found by 
drawing the line of constant pres- 
sure cd. The boiling-point of the 
solution is necessarily higher than 
that of the solvent if the vapour 
pressure is dimifiished by a foreign 
substance, this elevation is repre- 
sented by cd. 

If the ratio he : cd, which is 
equal to the ratio of the diminution 


of vapour pressure to the elevation 
of hoihng-point in the same solution, is known, then the latter can 
be used for finding the molar weight. If s is the elevation of 
boiling-point and d the (absolute, not relative) diminution of vapour 
pressure, and the ratio between them d/s = r, <ji = rs/f, and the 
equation m = gM/^G becomes m = gMf/rsG, or, combining the con- 
stants for the same solvent in K = Mf/r, 


m = Kg/sG. 
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Tiio ratio r = bc/ccl (Fig. 25) is given by the bnowlctlgc of the 
vapour pi'essure curve of the solvent. For small clifforctices, II and 
ss may be regarded as jiarallel straight lines j hc/cd is thon = ed/e<l, 
wliicli is the change of pressure of the solvent with teniporaturo, 
’ i/dT. Now this ratio is known from the heat of vanorisatioii 


(p. 78) and, on the other hand, frc 
the vapour pressure curve in the 
neighbourhood of the boiling- 
point. 

As an illustration of the 
approximate calculation of the 
constant K, the figures for ether 
are given. According to Eeg- 
nault the vapour pressure of 
ether at 35° is 76'33 cm., at 40° 
00'96 cm. of mercury ^ ; the ratio 
between the increase of pressure 
and of temperature isr=2‘92C. 
In the equation K = Mf/r, M, the 
molar weight of other, is 74 1, 
the pressure f = 83‘6 (the mean 
of 7rr33 and 90’90). Prom it 
K = 2 1 1 7 ; strict calculation gives 
2110 . 

The practical process of dc- 
tormniiiig boiling-points has been 
worked out mainly by Beck- 
mann (1889); many other in- 
vestigators have introduced vari- 
ous modifications. The apparatus 
most generally used (reproduced 
in Fig. 26), can bo employed for 
almost all purpeseg. It consists 
of a boiling vess'eL, A, in the form 
of a stout tube with a side tube 
attached. The thermometer is 


the experimental estimation of 



placed in the boiling vessel ; the thermometer ends above in a wide 
chamber bent downwards ; by leaving suitable quantities of mercury 
in this chamber, the thermometer may be used for any tomporaturo 
within large limits, the scale has a range of only a few degrees, 
diWded into •01°. The vessel A is partially filled with garnets or 
clipiiings of platinum foil to ensure steady ebullition. Kj is a 
condenser to prevent loss of liquid. 

The boiling vessel is isolated from the surroundings by the vapour 
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jacket B, in which is a little of the solvent. The heat is so distri- 
buted by the heating chamber C of asbestos board that strong but 
quiet ebullition takes place in both vessels. 

A weighed amount of solvent is introduced into the boiling 
vessel, and tho boiling-point observed until it becomes steady. A 
weighed amount of the solute is then introduced through the side 
tube (or through the condenser if possible), when the elevation of 
the boiling-jioint is soon observed. Other portions of the solute 
may be successively added and the elevations observed at higher 
concentrations. 

In many cases we can make use of the principle that the vapour 
pressure is the same in gases as in vacuo. If, for instance, a current 
of air bo passed through the solution and then through the solvent, 
the I0S.S of weight of the first will be to that of the second as f' . f - 
f', the air being saturated with tho vaipour up to the pressure f' by 
passing through the solution, and then further up to f by passing 
through the solvent. If in addition we determine the weight of the 
vapour carried over, this is jiroportional to the vapour pressure f. 

If we are working with aqueous solutions, the methods of hygro- 

f 

metry may be employed to determine the relative humidity 

As to the general validity of the above law (p. 178) we find 
that there are hero exactly such exceptions as wo met with in the 
case of osmotic iiressnro. All substances that gave too high values 
of the latter, and for which therefore a state of dissociation, decom- 
position into simpler molecules, was assumed, exhibit quite the same 
abnormality with respect to the lowering of vapour pressure. The 
ratio between the actual and theoretical values of the osmotic 
pressure is equal to the ratio between those of the lowering of vapour 
pressure. This circumstance strongly supports the assumption that 
the cause of the abnormalities lies in the dissolved substance and not, 
^as might also be, in the solvent. 

>■’* Theory of the Diminution of Vapour Pressure. ^ — In view of this 
complete parallelism between the two series of phenomena — osmotic 
pressure and the lowering of vapour pressure—we must ask if there 
18 no theoretical connexion between them. Such a connexion actually 
exists ; so that if the laws of osmotic pressure are given we can 
deduce those of the lowering of vapour pressure from them, and 
vice versd. 

Wo imagine a vessel of the form of a long cylinder (Fig. 27) which 
is closed at the top by a semi-permeable wall Let it be filled with 
the solvent L and stand in a vessel F also containing the pure solvent. 
Let some of the solution be placed at L, and the whole now be covered 
with a bell-]ar, and the air be exhausted from this. 

The solution will be in equilibrium udth the solvent when the 
difference of pressure corresponding to the column FL is equal to the 
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osmotic preasuvc. Now the liquid at F and the solution at L are 

1) ol,h evaporating; tlio vapour pressure of the solution at L must 
therefore be equal to the jmessuro possessed by the 
vapour of the litpiid at the same place. For, wore 
it greater or loss, liquid would either be deposited 

. or would evaporate in h ; in both cases the pressure 
oil the somi-pormeable wall would change and liquid 
either enter or leave the funnel. This would go 
on for ever, so that we could obtain pciqietual 
motion of the .second kind, which is impossible. 

The pressure exerted by the vapour of the 
liquid F at L is equal to the vapour pressure of 
the solvent diminished by the weight of a column 
of vapour of the height FL. To this pressure 
the vapour pressure of the solution must bo equal. 

We shall now .suppose the laws of osmotic 
pressure to be given. Lot the solution contain n 
molooules of the dissolved sulvstauco and N mole- 
cules of the solvent. The osmotic pressure (p 17 .'?) 
is numerically equal to the pressure the substance uould exert if it 
occupied the given space as a gas, i.e. by the equation pv = tiFT, whence 

2) To find V, lot us consider that the N molecules of the 
solvent weigh MN, where M is the molar weight, and occupy the 
volume the specific gravity of the solvent being repre.ieiitcd by 

s. We thus obtain P = ^^- The height h of the solvent corre- 
sponding to this pressure is given by the equation p = hs. Then wo 

have li = Since MN is equal to the weight of solvent that 

MN ‘ 

ooiitaiiis 11 molar weights of the substance dissolved, we can state 
the rule; The oamlitio elevation is, for the same composition by 
weight, mdepeudeiit of the nature of the solvent. 

The vapour pressure f' of the solution is less than that f of the 
solvent by the pressure exerted by a column of vapour having the 
height h, Le. f = f - hd, if d denote the vapour density. This may 
also be calculated from the equation pv = NT , p, the pressure of the 
M 

vapour, IS equal to f, and d = — as the formula holds for one mol of 
vapour. Therefore d = “. 

If wo now introduce into the crpiatiou f' = f-lul the values 

h = ^ ^ = It’ ' n) 
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the rcault of tlio experiments by Raoult we found (p. 179) the 

formula . The difference arises from these experiments 

f N + n 

being made •with solutions of finite concentration, while the calcula- 
tions only hold for infinitely small concentrations ; if n is very small 
compared with N, both formiilse give the same result. 

The Freezing-Point of Solutions, — Over a hundred years ago 
.1. Blagdon (1788), in a research nimsually exact for that age, found 
hetumen the temperatures at which salt-solutions solidify and the 
strength of these solutions, the simple relation that they are propor- 
tional. His work, Imwever, fell comjiletely into oblivion Rndorff 
in 1861 rediscovered the same fact, and in 1871 de Copp6t,'who 
confirmed this result, added the rule that different substances of 
analogous nature depressed the freezing-point by the same amount 
if they were dissolved in water in the proportion of their molar 
weights. 

The further development of onr knowledge of this subject was for 
a long time arrested by the investigation being confined exclusively 
to water as the solvent, and salts as the experimental substances. 

Only ivhen F. M. Raoult studied, in the first instance (1882), 
aqueous solutions of indifferent organic substances, was the simple 
law ascertained that equimolar solutions (such as contain, i e. in the 
same quantity of the solvent, quantities of thq. dissolved substances 
proportional to their molar -weights) have the same point of solidifi- 
cation When other substances were then employed as solvents the 
same result was found, so that the following general formula may 
be given 

If A be the depression of the freezing-point of the solvent caused 
by the solution of n mols of the substance in G grams of the solvent, 
we have 



where r is a constant, which depends only on the nature of the 
solvent. If the molar weight of the substance is not known, it can 
easily be ascertained by determining the depression when g grams of 

it are dissolved in G grams of the solvent. We have then n = so 

m 


that the equation becomes A = or 
mur 


AG’ 


from -which we get the molar weight. 

The constant r, which, as we saw cabove, is dependent on the 
nature of the solvent, may be determined by dissolving substances 
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of known molar weight in the Ininid and observing the depres- 
sion. Introdiicmg the values so obtained into the first formula, 
. AG 
wogetr=-^- 

This law also hold.s in the first instance only for indift'orent 
substances; salts, strong acids, and bases are exceptional in their 
behaviour. The.se exceptions, however, are ^ 

again closely related to those noted in the 
case of osmotic pressure and the lowering 
of vapour pressure; the dejiressions actually 
observed are greater than those calculated, 
and the ratios between the observed and 
calculated values are the same for thevai’ious ^ 
substances as those found by the other 
methods. 

Method. — ^Tho apparatus of Beckmann 
(1888), sketched in Fig. 28, is the best for 
the practical determination of the doprosbion 
of the freezing-point. The glass tube A 
contains a thermometer D divided into 
hundredths of a degree, and a stirring 
rod made of stout platinum wire. A 
weighed quantity of the solvent is intro- 
duced into A, which is then placed in a 
somewhat wider tube B, used to form an 
air-jacket between A and the wide outer 
vessel 0, into the lid of which B is fixed. 

This external glass vessel contains water 
or a freezing mixture, the temperature of 
which lies from 2" to 3° below the freezing- 
point of the liquid. The thermometer 
is now observed while the liquid is kept 
constantly stirred, small clippings of plat- 
inum being introduced into A to aid in the 
thorough mixing. At first, in consequence 
of over-cooling, it sinks below the freezing- 
point, thereupon suddenly to rise to tho 
correct temperature when the solid substance 
separates. The freezing-point of the solvent 
being in this way exactly determined, a 
known quantity of the substance to be 
investigated is introduced from a weighed vessel through tho side 
tube into A, the liquid is thoroughly stirred and the experiment 
repeated The freezing now takes place at a lower temperature, and 
the difference of the tivo temporature.s is A in the equations. 

With solutions there is often a very strong over-cooling, so that 
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on solidification a large quantity of ice separates. The solution still 
remaining is thus concentrated, and the observed temperature too 
low. Most of the ice is then allowed to melt, and when only a 
small quantity is left the apparatus is again brought into the cooled 
outer ves.sel, or the slightly over-cooled solution is “ inoculated ” with 
a trace of ice. 

Theory. — It is natural to expect between the phenomena of the 
depression of the freezing-point and the lowering of vapour iiressure 
some such theoretical connexion as we found between the latter and 
the osmotic pressure. The connexion in fact exists, and was 
deduced theoretically^ by C, M. Guldberg (1870). Van’t Hoff 
(1886) coniploted the theory in several important points, and showed 
hoiv to derive the constant r from other magnitudes 

Hirst of all we must find an answer to the question whether pure 
ioo^ is deposited or the solution freezes as a whole. From the 
experiments made on this subject, and the discussion arising from 
them, it appears that the former alternative is the correct one. As 
long as the solution is not so concentrated that the dissolved 
substance crystallises out owing to the lowering of temperature, 
pure ice alone separates. 

Now tlio same mode of reasoning as we employed on p 182 
shows that the temperature at Avhich ice can separate from the 
solution IS that at which ice and the solution have the same vapour 
pressure. Or, iu other words, since ice and solution are directly in 
equilibrium, they must be so if the vapour is interposed, and this 
must have the same pressure on both sides. If the pressures were 
not the same, a machine could be made which would constantly 
transform heat at constant 
[p temperature into work, in con- 

tradiction to the second law. 

From this itfollows, there- 
fore, that the laws which 
we found for the vapour 
pressure of oquimolar solu- 
tions also hold for the de- 
pression of the freezing-point. 
To render the relations 
which obtain here quite plain, 
let ww in Fig 29 represent 
Via 2» the curve of vapour pressure 

for water, the temperatures 
being the abscissre and the pressures the ordinates. The emwe for 
ice e has one point (at 0“ namely) m common with the curve for 
water (p. 1 00). Below 0“ the ice curve runs beneath the curve for 

luO litre lusud quite generally for aolicllhoil aolvent. tu it water benzene or 
aii^ otiier snLstaiice. ’ 
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(ovor-cooled) water. The curve for a solution 11, finally, runs below 
that for water, so that its abscissro always form the same fraction of 
those of water. The freezing-point of the solutions is the abscissa 
of the point where the curves e and 1 cut each other, for both ico 
and the solution, as ivo just proved, must have the same vapour 
pressure. 

Tlie diflerences of temperature of which ive have here to take 
account are small enough to justify us in considering the eorre.spoud- 
ing portions of the curves of vapour pressure a.s straight lines. It 
IS then clear that the point of section of e and 1 will move in the 
same proportion to the left as 1 sinks under w. Now this sinking, 
or the relative lowering of vapour pressiu’e has been already found 
both theoretically and experimentally to ho proportional to the 
strength of the solution, and therefore the depression of the freezing- 
point mu.st be also proportional to the concentration; which is 
confirmed by oxporimont, as wo have already seen 

The constant r may he deduced in the following way. Wc 
imagine a large quantity of a solution of n mols of substance in G 
grains of solvent enclosed in a cylinder with a semi-poruieable wall. 
By a pressure on the piston a little greater than the osmotic pressure, 
so much of the solvent is pressed out as corresponds to the volume 
in which a mol of the substance is dissolved. The work reiiuircd 
for this, if p be the osmotic pressure and v the volume just 
mentioned, is equal to pv, which in its turn is equal to ET. Lot 
this process he performed at the melting-point T of the solvent. 

The quantity of liquid pressed out is - grams. 

G 

We now let this quantity of the solvent freeze, when -w calories 
are evolved if w is the latent heat of fusion of the solvent. We 
then cool everything by A till the freezing-point of the solution is 
reached, lu'iiig the ice into contact with the solution and let it molt 

— w calories are allSiorbed, but now at the temperature T - A. Lastly, 

we warm flie whole up to T again, so that the Bystoin regains its 
initial state. This process is a reversible cycle of the hind described 
on p. 78. 

The work done by heat in this case is equal to the fraction of 

the total heat passing from the higher to the lower temperature, 
where A is the difi'evonce of temperature and T the absolute 
temperature of the transformation. In the present case the total 

heat is — w, so that the portion traiisfoimed into work. But 

this work has been found equal to pv or ET, whence =ET. 
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We have therefore 


A=: 


n 

w 'a 


If we compare this value with that given on p. 184 for A, it 
follows that r = ~ . The constant r is thus dotermined by the 


latent heat of fusion w, and the absolute temperature of fusion. 

To illustrate the application of the formula, we will calculate 

the constant for water. In r= — E is 8'31 x 10^ T = 273, 

w =: 80 cal. = 336 x from which r = 1850. 

ET^ 

To test this theoretical result, r = , van’t Hoff (1887), to 


whom wo owe the calculation, deduced the constants of several 
substances, from the known values of the latent heat and the 
melting-points, and compared them with the empirically found 
constants of Eaoult. The corrected numbers are . — 


AVatoi 
Acetic acid 
Formic acul 
Banzciic . 
Nitrobenzene 


273 
289 i 
281-6 
278-6 
278-3 


79 6 
49-1 
67 8 

80 2 
22 3 


1860 

3860 

•2760 

6120 


1890 

3860 

2770 

5000 

7070 


If we consider the comparative roughness with which some of the 
heats of fusion have been determined, the agreement is very 
satisfactory. The formula was fully confirmed by later researches 
of Eykman and others. 

Summary. — The laws of the boiling-point and freezing-point 
of solutions are so much alike that the question is forced upon our 
notice. What is the common cause of this equality 1 Looking at the 
theoretical derivation of these formula}, we find the following. 

The molar weight of gases is defined by tSe work pv, which 
must be performed when a gas is formed in a space in which the 
pressure p obtains. This work is independent of p, and is 
proportional to the absolute temperature and the quantity of gas 
If the latter is so chosen that the work is the same for all gases 
at the same temperature, the quantities are in the ratio of their 
molar weights. 

Since the same laws hold for dilute solutions as for gases, the 
same definition of molar weight also holds, and sine'e the amounts 
of work are directly comparable, there is no essential dififerenoe 
between the molar weights estimated by the two methods If 
there are dilfereiices in the solution, they have the same cause 
as the differences of the molar weight of the same substance as 
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oalculatGcl from tlio vapour density ; i.c. they are due to changes 
ill chemical state, polymerisation, or decomposition. Ditforout 
solvents act on the solute as variation of temperature and of 
])ressuro acts on vapours. 

If wo detormiiio by any method the value of pv for a dissolved 
sulistanco at one known temperature, wo can calculate tho 
amount of aubstaneo which brings tho constant II in tho equation 
pv = E,T to tho fixed value of 8‘31G x 10'^ (jj. 163). This is a molar 
weight determination of exactly the same kind as that of finding 
the requisite values of pressure, volume and temjiei’afure for a 
vapour which Biitisfiea the equation pv = RT. 

From this point of view, the three methods" are found to consist 
essentially in ascertaining the same throe magnitudes more or less 
directly. Moat direct is the moasurcnieut of osmotic pressure. The 
strength of the solution gives the volnrne, the pressure and 
temperature are measured directly 

In tho other two methods tho temperature is directly measured, 
tho volume is calculated from the strength of tho solution. The 
pressure is indirectly determined, tho (osmotic) work being calculated 
which is dona when a small change of concentration occurs j and 
the formulte are obtained when this work is expressed by tho other 
magnitudes concerned, especially the latent heat of fusion or of 
vaporisation. 

Any manometer (or pressure meter) is in fact an apparatus 
which measures pressure by means of work. Take, for example, an 
ordinary mercury manometer, m which the prcssiiro is measured 
by the height of a column of mercury. The lieight is proiiortiorial 
to the pressure, because the work nocossary to raise the mercury in 
a slight rise of tho manometer is the same as that performed by tho 
2 »essuro in the ainiiiltiineous change of volume in the manometer. 
There is no mauoinetor m which the .pressure to be measured does 
not produce a change of volume, and therefore jierform voluni'e-worlc, 
and tho theory of any manometer is based on the equality of this work 
with soma other by the performance of which it is itself effected, 

By calculating the work done by a change of coiiceiitraliou in 
the solution, we thus learn the pressure in it, and can fix the third 
magnitude in the gas equation. In consequence, any process which 
changes tho concentration of the solution will serve for tho calculation 
of tlie osmotic fii'essure, if only it can bo, theoretically at least, 
carried out reversibly, and thus the maximum value of the work 
can be calculated. Any such process can servo as a foundation of 
a method of determining molar weights. 

On the other hand, if the molar weight is known, tho work can 
bo calculated with the aid of the osmotic laws for any process 
which changes the concentration of a solution. According to the 
second law, tho amount of this work is indojiendont of the way it 
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is obtained, provided it is reversible ; the calculation of the osmotic 
work establishes at the same time the amount of any other energy, 
which can be obtained from the system in the form of work when 
the solution bull'ors a known change of concentration (of one or more 
substances). Hence the laws for the transformation of chemical 
energy into other forms can be derived, for chemical processes 
can always be traced back to a change of concentration of the 
substances present in a given sjiace. Even in instances where 
there is no direct change of concentration, as in the appearance or 
disappearance of a solid substance, it is possible from the same stand- 
point to frame laws for the behaviour under these circumstances. 
Thus osmotic pressure finds almost unlimited application. 

It must not be overlooked in this wide field of applicability 
that the above laws hold only for dilute solutions, and must be 
replaced in the case of concentrated solutions by more complicated 
laws, the knowledge of which is in a very backward state. In fact, 
these direub and indirect relations deducilile from the simple formula 
are merely limiting laws, which require investigation in each individual 
case to find out how far thoir quantitative application is justified. 

Salt Solutions. — As has already been mentioned, a large group 
of substances — acids, bases, and salts, to wit — do not obey the simple 
laws in aqueous solution. This is no property peoubar to these 
substances as such, for they behave quite normally and act as 
calculated from their molar weights. In the same way water 
occupies no exceptional place with regard to other solvents when 
indifferent substances are dissolved in it. The exceptional behaviour 
only appears when the above substances are dissolved in water, and 
is a result of the mutual action of both factors ^ 

The molar weight of these substances when determined from 
thou- aqueous solutions by any of the previous methods is always 
smaller than it ought to be according to the chemical formula. If 
M IS tlio molar weight corresponding to the formula, and Mw that 
found in aqueous solution, we may put M = iMw, where i is a 
number always greater than 1 and possibly as large as 4 or 5. It 
is to be noted that all the methods give the same value of i for one 
and the same solution. A solution of potassium chloride for which 
i is nearly equal to 2, exhibits not only twice the depression of the 
freezing-point that corresponds to the formula, but the lowering of 
vapoui’ pressure and the osmotic pressure are too great in the same 
ratio of 2 ; 1. The number i is therefore not dependent on the 
method employed, but only on the nature of the dissolved substance, 
and in a certain measure on the concentration and the temperature. 
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The explaniitiou of these phenomena haa already been indic.itod. 
Wo must assume that the substances in ipieation are dissociated in 
their solutions, i.c. S 2 >lit into smaller molecidos, just us ammoimim 
ohlovido is dissociated in the vajionr state It is true that here 
tlie dissociation is of a iieeuliar laud, connected in the most mtimale 
way with the electrical iiroportios of the solutions, as will bo shown 
in more detail in Booh IV. on Electrochemistry. At this jihice it 
need only ho mentioned that, jjropcr consideration of the factor i 
being taken, the solutions of acids, bases, and salts also oliey the 
general laws of solutions. 

Additive Properties. — ^Tho whole lieha\dour of salt solutions is 
in remarkable agreement with this fact. While it is a characteristic 
sign of chemical combination that the proiiertics of the components 
have disappeared in the compound, or are more or less altered, 
dilute salt solutions exhibit a striking indepondon ce of the properties 
of each constituent, regardless of the luitnve of the other. All 
dilute solutions of nickel salts have the same green colour ; more 
exact investigation shows that the depth of colour is the same when 
equal amounts of nickel are jiresont, whatever acid is coinhincd with 
it. Similarly, the same colour is observed in .all soluble hicliromates 
or pormanganatos, and the nature of the metal has not the slightest 
effect on it.^ 

What has been said about colour, is equally true for all other 
properties of salt solutions. This fact was noticed in an incomplete 
form by Vais on (1874) for the demsitios of equivalent salt solutions, 
and was embodied in the so-called Law of “ Moduli.” If the specific 
gravities of different solutions containing equivalent quantities of salts 
in the same quantity of water he so arranged in a table that all salts 
with the same base come into one periiendicuhir column and those with 
the same acid into one horizontal row, the difference between corre- 
sponding members of the series in lioth directions fa constant. From 
this it follows that the spociiio gravity of equivalent salt solutions is 
composed additively of two members, one of w'hich depends only on 
the acid, the other'only on the huso. 

Valsou chose a normal ammonium chloride solution (SB'S g. jier 
litre), whose specific gravity is I’OlO, as his starting-iioiut .and 
determined the following addenda, expressed in units of the third 
jilaco, for the calculation of the siiecific gravities of other solutions — 
Potassium . 30 lion . 37 Clilondo . 0 

Sodium 25 Ztno 41 Bromido . 31 

Calcium . 27 Copper . 42 Iodide . 64 

Magnesium . 20 Cadmium . 61 Sulpli.ito . 20 

Sti'outiiira . 55 Lead . 103 Nitrate 15 

Barium . 73 Silvei . 105 CarBoimte . 14 

Maugaiioso . 37 Ainmoniuni 0 Bicarbonate 16 
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Tliiis if WO want to iletermine the density of a normal solution of 
calcinui nitrate, wo ninst add to 1 015 tlio constant '027 for calcium 
and '015 for nitric acid, which gives 1 057, agreeing very nearly with 
oxpeviinent. 

The same law has been found to apply to all other properties 
which have so far been examined. In addition to those mentioned 
above the properties of salt solutions are composed of 
two factors, one of which depends only on the nature 
of the metal (or of the metallic radical, e.g. ammonium) and 
the other only on the halogen or other acid radical. 

Ions. — ^In other words, in dilute solution salts behave as if their 
components ivere n'ot united; the change of properties which is the 
sign of combination does not occur. Along with this goes the fact 
that salt solutions, and these alone, contain, according to the osmotic 
plienoiuoiia, more mols than their formula indicates. We are forced 
to the conclusion that m dilute aqueous solution salts are not present 
as compounds but as fractional parts. 

What are these fractions 1 When the salt is composed’ of two 
elements, there can be no room for doubt. For sodium chloride they 
can only be chlorine and sodium, or compounds of those elements 
with the solvent. 

Solutions of sodium chloride do not show any of the properties 
of elementary chlorine ; so we are not justified in supposing it to be 
present While chlorine has the formula Clg, eorresponding to the 
molar weight 71, the formula of the chlorine In the sodium chloride 
solution has the molar weight 36 5, and must be represented by 
the formula Cl If elementary chlorine really is contained in the 
sodium chloride solution, it must be an allotropic form of ordinary 
chlorine. 

Similar considerations apply to the other constituent of sodium 
chloride; the sodium contained in the solution has none of the 
properties of ordinary metallic sodium, and we consider it likewise to 
be an allotropic form 

The formulce of the constituents of compound :alts is obtained by 
analogy. Any sodium compound can contain only this allotropic 
sodium as one of its constituents, and all the rest is the other con- 
stituent. And similarly with chlorides. Alongside the allotropic 
chlorine are ranged the gi-oupa NOg from nitrates, SO, from sulphates 
010^ from chlorates, CIO, from perchlorates, while NH„ ammonium, 
and the analogous metallic radicals play the same part as sodium’ 


J Tt has heeu oecaslonaUy put forward that the fractious interact with the watei 
Kifn^Tl n heing present Instead of chlorine and sodium! 

tins is opposed to tho facts, for when solutions of these two substances are mixed tlinre 

proym^fimt tL“''two'T!btfa'^^^^ phenomena, 

'ri * snbstiMicos cannot remain together nnolmngetl. Imt intn.'..ot 

chSel together m a solntion of sodium 
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These substances are called, briefly, ions;’^ those analogous with sodium 
are kations, the others, ‘like chlorine, anions. 

The objection ‘may be urged that these ions have never been 
isohited, and that their existence is therefore purely hypothetical. 
The answer may bo given that the electrical proportie.s of those 
.components or ions make it impossible that they .should be accumu- 
lated in sufficient quantity as to permit of separate oxaniiuation ; but 
that owing to those properties chemically equivalent quantities of 
anions and kation.s, no matter in wliat combinations, are always 
present at the same time in any given solution. 

Or it might bo answered that the existence of ions is certain, 
because they exhibit special properties, the siinr of which appears as 
the properties of salt solutions The fundamental facts of analytical 
chemistry afford the clearest illustration of this. It contains 
scarcely a single reaction for individual salts, only reactions foi 
ions. For instance, barium chloride is not a reagent for sodium 
sulphate or suliihiirie acid, hut for the ion SO^, .since all salts 
ill which it is found give a precipitate with barium chloride. 
And 111 the same way sulphuric acid or rather any salts contain- 
ing the ion SOj is a reagent for the ion Ba, since any barium salt 
gives the precipitate ivith sulphuric acid or any other .sulphate. These 
examples might be indefinitely extended.^ 

Salt solutions are thus to bo regarded as binary mixtures of their 
ions. A large number of considerations will show later that beside 
the facts of osmotic pressure and molar weight, of the physical 
properties and analytical reactions of salt solutions, the olectro- 
chemioal behaviour and the chemical equilibriniii of salt solutions not 
only point to the same conclusion, but make it the only feasible one. 

' This uaiiio origumteil ftoin then elcctiieal jiioporties, ,n wiU lie e-xphuned later. 

- For a detailed account see the antlioi's Wiii.seiitili(irthcheii iftUiKlk'ijeii <lir 
unalytisch'n Ohmic, i. And., Leipziff, IHOI (oi the English translation - 
Fomiliitiimit Dt .httili/lual Cliemistrii). 
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• CHEMICAL CONSTITUTION 

General. ~That the moat profound changes which we know, chemical 
changes, have no ottuct on the weight and mass of the objects con- 
cerned, is the foundation of tho laws of conservation (p. 12). Their 
great importance lies in the fact that through them an equation 
can bo made for any process from which the value of one 
unknown term can bo calculatod if the other terms are 
known. It has already been explained how this led Lavoisier to a 
very important turning-point in chemistry, the correct theory of 
combust um. 

But this circiuustauce, that, no chemical process changes the total 
weight of tlio system, also acts in the opposite idireotion, so that no 
deiiiiite inforuiation as to the character of a chemical process can 
be obtained from the measurement of thh weight. Even the addition 
of the law of conservation of the elements, which is the foundation 
of the whole of analytical chemistry, does not materially increase the 
range, for analysis will not settle whether an object is a chemical 
compound or a mixture in which tho same elements are meoham- 
cally mixed, either sopaiately or as various compounds. 

Other properties must he ascertained before this can be settled , 
and they may bo diflerent even when the elementary composition is 
tho same. For only the existence of these diS’erences renders it 
jinasible to draw conclusions which go beyond the problem of ele- 
mentary composition. 

Tho first question regarding a given object with which the chemist 
is confronted, is whether it is a homogeneous substance or a mixtm'e. 
If tbe former, tho next question is whether it is a pure substance or 
a solution. If, again, it is the former, the el omen tar y composition 
comes next, and analysis supplies the answer. Then comes the molar 
weight, as to which the considerations of the previous chapter gives 
information. Finally, we have tho question of tho “constitution” 
of this pure substance of known composition and molar weight. For 
substances ate known with identical composition and molar weight, 
hut with different properties, there must be some furtlier circum- 
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stance on wliioli these differences depend, and these are grouped 
togetlior under the general name of “ constitution.” The po.ssibility 
of recognising differences, when there is no diil'ercnce of composition, 
is based on the diircrenccs of specific properties and on the chemical 
liehaviour, bo there aio two sources for the dotcrraination of constitu- 
tion. The latter are incomparably more diverse than the former, 
and chemical considerations have at all times played the more 
prominent part in establishing constitution. Specific (or phy.sical) 
properties have only been drawn on as auxiliaries. Accordingly 
those chemical relations appropriately form the contents of the 
present-day text-books, and the physical lelations have been assigned 
to what has often been represented as the auxiliary science of 
physical chemistry. 

h'or this reason a compotont acquaintance with thooo chemical 
properties to which the physical phenomena are to be referred is 
taken for granted. Still, it is natural that in the course of such 
an examination, light should be thrown on the chemical behaviour, 
since the simplifying effect of the physical relations is very useful in 
masteiTiig the problem. The following is a very brief review of the 
development ■which the theory of chemical combination has undergone 
in the last hundred years (the whole piobleni is no older than this). 

The Theory of Chemical Compounds. — Cliemical compounds form 
a class of a special kind, the members of wbicb can, in part, undergo 
transformation into each other in accordance with definite laws. The 
regularities governing these diverse transformations might lie de- 
veloped quite independently of any hypothesis regarding the nature 
of compounds Tins would load to <i genetic system of clicmieal 
individuals, similar in many respects to the one in use ah present, 
but differing from it in its entire freedom from hypothesis. 

At the present time, indeed, only the merest rudiments of such a 
representation exist (seo Wald, 1901), and, if it were made here, the 
reader would learn a language winch, it may bo predicted, chemists 
of the future ivill .sjjeak, but which is nowhere in use to-day. 

The whole systematies of chemical transformations have been 
developed under the atomic and molecular hypotheses. This could 
not have taken place unless they had been well adapted to the 
purpose, and had given on the whole a satisfactory representation of 
the real facts. It has hitherto manifested a sufficient diversity in the 
most important matters to give natural expression to new facts, 
which were quite unforeseen at the time of its origin. But it seems 
as if this adaptability i.s nearly exhausted, and it is as well to recog- 
nise the lesson that the history of science has repeatedly given, that, 
soon or late, such an end is inevitable 

With this reservation, the main results of research on the con- 
stitution of chemical comiiouiids will be developed on the usual lines 
of the atomic and molecular hypothesis. 
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Early History. — Of the miinerou.'i questions concerning the nature 
of chemical corapomuls, Dalton’s atomic hypothesis only ansiveved 
one, that, natiioly, wliu-h asked whether or not the elcinouts exLst as 
such within them. The aiisuer was aflirmativu. Choinical compounds 
.are coinploxo.s formed by the conjunction of oleniontary atoms. The 
facta ami theoricH in the first chaiiterof Book II. (p. 109) gave us iu- 
funnation as to the relative mass of the atoms ; the molecular theory 
and the ob.servations on which it is founded made us in certain 
definite cases cogutsiint of the number of atoms in such complexes 
In the present chapter we shall bo occupied with the mutual relations 
of the atoms withiii.the molecule. 

As a matter of fact the question is as old as the atomic theory 
itself ; from the time that compounds wore conceived as being com- 
posed of atom.s, eheniists have oiideavonrecl to obtain a clear idea of 
the mutual relations of these components, although the relation of 
this question to actual facts was occasionally forgotten. 

■| Electrochemical Dualism. — ^The first theory of chemical compounds 
Jis duo. as we know, to Berzelius, who founded it on the phenomena 
observed by him dining the electrolysis of salts. lie saw that the 
acids of the salts of the alkalies (rhietly studied by him) collected at 
the copper polo and the hase.s at the zinc pole, and so, according to 
the old principle of Stahl, that a body consisted of those things 
which by their union gave it, and which ou its decomposition 
were roforiiiud, ho concluded th.at acids and" bases were the com 
poiionts of salts. The known acids and bases on their comlnnation 
always produced water in addition, but this was supposed to be pre- 
existent in them, playing the part of a base in the acids, and of an 
acid ill the bases ; the real acids and bases were the known substances 
minus this water. 

The same principle was at once extended to all other groups of 
bodies. Oxides too could bo decomposed olectrolytioally, giving on 
the one hand oxygon, ou the other a metal. Berzelius, therefore, 
looked ujion componiuls quite generally as bomg^formed of two parts 
which were held together by electrical attraction, and could be 
separated by electrical forces. In this way arose the electrochemical 
system, according to which the binary arrangement holds good step 
by .stoj) in the most complicated compounds. Alum, for example, was 
supposed to consist m the first instance of potassium alnmiiiium 
sulphate and w.ater ; the latter was a bmaiy compound of oxygon and 
hydrogen, the former of alnminiiim sulphate and potassium sulphate 
Each of these salts again consisted of sulphuric acid (SOj-) and a 
metallic oxide, and these two components, finally, were composed of 
oxygen on the one hand, and sulphur or a metal on the other. 

This view, in principle so clear and simple, proved exceedingly 
useful, although its foundation was fake. Potassium sulphate, as we 
now know, sidits up on electrolysis, not into K^O + SO,.„‘ but into 
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Kj 1- )SO^, ami the principle of the du.xhstic theory of BerzeliuSj that 
only wiuponmB of the sauio order can unito to form higher com- 
pduiuls, is ooii(,radictory to the fuiidamoiital jiheuomenoii from which 
It was deduced. 

lu ,11)110 of this fnndamenlal error, the electrochemical theory has 
hern of the greatest importance in the dovelopmont of chemical 
icioncc. By giving a list of substances arranged according to their 
electrochemical tension, Berzelius laid the foundation of the 
science of ooiirparativo affinity; xvhilo the easily understood and 
ligoroiis system rendered possible by the theory has eminently 
advanced the study of chemistry. Even after tho discovery of the 
error ooiit.xiiicd in the eouception of tho process of electrolysis, the 
theory did not fall to tho ground, but remained until its inapplica- 
bility to a class of compounds not known at the time of its 
dovelopmont was made evident. This class is formed by the non- 
elcctrolysiblo organic compounds. 

Isomerism. — An earno.st consideration of tho relative position of 
the atoms in the molecnlo only bocame requisite when facts were 
made known that could not be otherwise explained by the atomic 
theory than through difi'orent arraiigoment of the atoms. This is 
what is called isomorism. 

When Wohler in ld23 analysed cyanic acid, and Liebig in 1824 
fnlmimo acid, it was discox-ered that both chemists had found the same 
composition for these undoubtedly different substances Berzelius, 
who compared tho researches in his JahreaberirM indulged in several 
speculations as to the manner in xvhich one or other of the investi- 
gator.s could have fallen into error, for that such diff'orent substances 
could have the same composition appeared to such a degree unlikely 
that tho possibility xvas never entertained. 

However, in the folloxving year Faraday, in tho course of an 
investigation of the hydrocarbons xvhich had collected in cylinders 
used for ooiuprossiug coal-gas, found, besides bciizeuo, a gas (butylene) 
luiviiig tho same coijiposition as tho xvoll-knoxvu olefiant gas (ethylene), 
but twice as great a specific graxdty in the gaseous state. Berzelius 
familiarised himself gradually with the idea that in reality sxib.staiices 
of tho same composition could have different pro^jerties, and called 
attention in lus turn to the two distinct stannic oxides. Almost 
every year now added to tho number of new substances of the same 
composition xvith different properties, until finally in 1830 the 
racemic acid discoxmred by Kostnor in Thann (Alsace) proved to 
be in every respect similarly composed to ordinary tartaric acid, 
although in its solubility, the crystalline form of its salts, and in its 
re.xctioii.s it differed indubitably from the latter. 

Berzelius then made the recognition of identically composed 
substances xvith dift’erunt properties the general possession of science 
by giving it the name isomerism. Ho soon too distinguished between 
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diffei'Oiit kinds of this, for such compounds ns Earaday’s hydro- 
carbons, which contained the same elements in the same proportions, 
but a difforcnt number (multiple) of atoms, he introduced the name 
polymeric, while such substances as contained the same number of 
atoms merely differently “arranged,” he called metameric. These 
very suitable names remain in use at the present day. 

The fact of the existence of isomerism has been of the greatest 
significance for the theoretical form taken by chemistry, for from it 
followed that not only the number and nature of the component atoms 
wore of decisive influence in what concerned the properties of a 
compound, but that there was something besides — something hypothe- 
tically referred by Berzelius to the atoms being “placed together in 
diflerent ways.” This view was retained in the whole of the coming 
development of the conception of isomerism, and at first took the 
, form of the assumption of different “ radicals ” in the compounds. The 
assumption, it is true, was not made to explain the phenomena of 
isomerism , quite other facts caused this development of tlie electro- 
chemical doctrine, but many cases of isomorism could be conveniently 
explained by the difference of the radicals. 

The Radical Theory. — During the great research of Liebig and 
'Wohler on benzoyl (1833), a number of substances came to be 
known, all of which contained the atomic complex and were 

derived from the same original material A special rOle within the 
'compounds was credited to this unchanged portion ; its atoms were 
supposed to be held together by stronger forces than those which 
bound the variable coiiipoiieiits. Hero was the theory of radicals ; 
those more stable complexes played the same part in complex com- 
pounds as the elements in simpler compounds; Liebig even went the 
length of stating that these radicals were the true elements of organic 
chemistry By the heroic investigations of Bunsen on cacodyle, and 
the supposed isolation of ethyl by Frankland, so much was addu’ced 
in favour of the theory of radicals, that it generally came to be 
considered the only true form for the conception and representation 
of the nature of chemical comjiounds * 

The want of clearness in the theory as to the character of the 
stronger or closer binding of the atoms within the radical, and as to 
how far this differed from the binding of the radicals amongst them- 
selves or with other atoms, was at that time not felt, because then 
the problems of chemical affinity never entered into any one’s mind 
at all. Indeed, several chemists, following the example of B e r z e 1 1 u s 
expressly assumed the existence of a special sort of union different 
from the ordinary kind, and this they distinguished a's “ pairing ” or 
“coupling.” ° 

ne Substitution Theory-While the theory of radicals grew out 
of the electrochemical theory, and merely applied its fundamental 
conceptions without alteration to the new units, another mode of 



CHEMICAL CONSTITUTION 


199 


viewing the f.acts came more and more to the front, and was always 
’receiving fresh support. It was advanced by Laurent (1839), 

; alternately taken up and dropped by Dumas, and fiercely combated 
by Berzelius, although it finally proved to be perfectly justified and 
tin the highest degree fertile. This was the idea of substitution, 
‘the notion that single atoms in a compound could be replaced by 
'others, the new substance still remaining analogous to the original 
icompound. Such observations were first made on the action of 
chlorine upon organic compounds containing hydrogen , a particularly 
pregnant example being found in trichloracetic acid (discovered by 
Dumas), in which three hydrogen atoms of the acetic acid were 
replaced by three chlorine atoms. The close 'relationship of this 
acid to acetic acid was especially noticeable in its retraiisformation 
into the latter, a reaction discovered by Melsens. 

The new theory contradicted the electrochemical theory in two 
main points. Berzelius could not admit that “electropositive” 
hydrogen was so replaceable by “ electronegative ” chlorine that the 
similarity of the two compounds could be preserved. On the other 
lliand, the assumption of a substitution — of the entrance of one 
[atom into the place of another, was in direct contradiction to the 
Selectroohemical principle of binary arrangement. Both these points 
were energetically emphasised by the upholders of the theory of 
[substitution. The first led to the proposition, that the “position” 
lalone of an atom — not its nature — was of influence on the properties 
of the compound. In this form the proposition is certainly not true, 
^and at once experienced opposition A. W Hofmann was soon able 
to show from the bromine substitution products of aniline, that, 
according to the position of the bromine, its properties frequently 
appeared very much weakened lU' their influence, although they 
never disappeared altogether. 

While a compromise could here be made between the new and 
the old views, the idea of the unitary constitution of chemical 
compounds obtained a complete victory over the binary constitution. 
This reform was in*agreement with the conception of the molecule 
as described above, and led to the setting up of molecular schemes, 
the chemical types, which we shall shortly consider more closely. 

The law of substitution, meanwhile, was more and more extended. 

, It was recognised that not only chlorine, bromine, and iodine could 
I replace the hydrogen of organic compounds, but that compound 
radicals possessed the same property. Here the radicals of the old 
theory are represented as the true substituents, as was especially 
perceived by Hofmann and Wurtz from their study of the sub- 
stituted ammonias. At the same time the way was prepared for the 
I'distinction between atom and equivalent : one atom of oxygen does 
I nob replace one hut two atoms of hydrogen on substitution, and has 
j therefore twice the substituting value of the latter. 
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The Type Theory. — Dumas, on talcing up the idea of substitution, 
soon carried it, as was his wont, to its extreme consequences, 
assuming that only the arrangement, and not the nature of the 
atoms, determined the properties of the compounds. The task, 
therefore, of finding the princip)al types lay immediately before him. 
His attempt to fix them was, however, unsuccessful. 

It was the later researches of Williamson on the ethers, and of 
Hofmann and Wurtz on the organic ammonias, that enabled Ger- 
hardt and Laurent to put the idea into a practical form. According 


to them all compounds 


derived from the types of hydrogen 


HI 


H/’ 


hydrochloric acid qJ, water gjO and ammonia HjlSr, by the re- 
placement of their hydrogen atoms by other elements or radicals. 
Later jj jand ^jcame to be recognised as the same. To this scheme 
Williamson added that of the double and triple “condensed ’’types, 
and Kekule introduced “mixed” types formed by uniting two or 
more different simple types. In these last attempts to bring the 
schemes into harmony with the facts, we already find a factor which 
later on became of great importance. In order that the two groups 
in condensed or mixed types might be held together, an atom or 
radical had of necessity to be present which ooilld take the jilace of 
two hydrogen atoms, and which thus formed the connecting link, one 
hydrogen atom in each group being replaced by it. Here, then, there 
appeared for the first time the conception of the polyatomic radical 
or element as the condition for the holding together of the molecule. 

The classification of compounds according to types was of the 
greatest use to science, for it gave a convenient survey of a large 
number of substances already known, and indicated methods for 
, preparing new bodies. Nevertheloss it was, on account of its purely 
* formal character, no real theory of chemical compounds. Gerhardt, 

■ its founder, was quite clear on this point, he again and again 
- reiterated that his formulse were only to be looked on as functional, 

I not as constitutional. Soon too the theory proved unequal to the 
task of keeping up with the progress of science. 

The system of types was by no means generally accepted, for the 
chief representatives of the theory of radicals (who admitted the law 
of substitution, and by its means widened the old views) kept strictly 
aloof from it In particular, Prankland and Kolbe sought to arrive 
at a proper understauding of chemical compounds in quite another 
, way, which took better into account the nature of the elements and 
the analogies with inorganic compounds. Thus Kolbe was in a 
position to predict the existence of isomers amongst the alcohols, 
where in the system of types there was only room for one substance ; 
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and not only did he prognosticate their existence, but also' their 
j behaviour. A few years later Friedel discovered secondary propyl 
j alcohol and confirmed Kolbe’s prediction. 

I A case of isomerism had thus again shown the necessity of going 
deeper into the problem of chemical constitution. The experimental 
basis was discovered by Frankland, and the guiding idea by Kekul6 
and Couper. 

The Valency Theory. — In the course of his researches on organo- 
metallio compounds (1862) Frankland observed that one atom of 
zinc, arsenic, antimony, etc., had its combining tendency always 
satisfied by a definite number of univalent elements or radicals, of 
whatever kind these might be. In this way was laid the foundation 
for the study of valency or the capacity of saturation of the atoms. 

The application to carbon compounds was notmade by Frankland. 
This important step was taken almost simultaneously (1858) by 
Oouper and Kekul6, who perceived that carbon was quadrivalent, 
and showed that the constitution of numerous carbon compounds 
could be explained on this assumption. Every carbon atom can 
unite with four other miivalent atoms or radicals (i.e. such as can 
replace one atom of hydrogen), but not with more. We have chiefly 
to thank IIekul6 for carrying through this idea. 

In the theory of valency, which is at the present time the prevalent 
one, there is thus assumed that each atom possesses a definite limited 
capacity for combining with other atoms This capacity is called the 
valency, and the atoms that can combine with one, two, three, four 
hydrogen atoms (or equivalent atoms or radicals) are said to be 
univalent, bivalent, trivalent, quadrivalent, respectively. Carbon is 
quadrivalent on account of the compound CH^, oxygen bivalent owing 
to’ the compound OHj. In general, chemical compounds are so con- 
stituted that the valencies of the different elements exactly satisfy 
each other. In acetic acid, whose rational formula is HO'OO’CH,,, 
one of the carbon atoms is united in the first place to a bivalent 
oxygen atom with two valencies. The third valency is united with 
one of the valencies of another oxygen atom, whose second valency is 
satisfied by a hydrogen atom. Lastly, the fourth valency of the 
original carbon atom is united with one valency of a second carbon 
atom, whose three others are satisfied by three hydrogen atoms. 

These relations may be made clear by the adoption of Couper’s 
idea of affixing to the elementary symbols as many short lines as there 
are active valencies, and then joining these from atom to atom. Acetic 
acid would thus receive the following structural formula ; — 

0 H 

II I 

H— 0— C-C— H 
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Sucli a formula is capable of rendering evident a great many 
different relations. It shows that one of the hydrogen atoms behaves 
differently from the others, because it is united with oxygen to form 
hydroxyl, while the others are all united to carbon. Further, the two 
oxygen atoms behave differently, the hydroxyl oxygen being more 
easily attacked and removed than the other. Lastly, the two carbon 
atoms have different functions , the one, united to two oxygen atoms, 
easily passes into carbonic acid, the other splits off as methyl, CHg 
All these relations derived from the formula exist in fact; the 
structural formulse thus fulfil in a high degree the claim of being both 
functional and constitutional formulm. 

The valency of hydrogen is msually taken as unity, because, ac- 
cording to all our experience, a single atom of any element can only 
unite with one definite number of hydrogen atoms, the law of multiple 
proportions finding no application to the hydrogen compounds that 
contain only one atom of the other element. Unfortunately, only few 
elements form hydrogen compounds, so that our ability to fix the 
valency in this way is limited. We have, nevertheless, arrived at a 
knowledge of the valency of elements that form no hydrogen com- 
pounds, by means of elements or radicals that have been directly 
found to be univalent with respect to hydrogen. Considerable 
difficulties have, however, been encountered here, and these are oven 
yet not entirely overcome. 

The most remarkable relation of the valencies, as far as they are 
known, is to be found in the periodic system, for they too form a 
poriodio function of the atomic weight. The valency in the table 
On p 164 is constant in the vertical columns, and increases by a unit 
trom column to column From the fifth column it decreases just as 
regularly if we take the hydrogen compounds as decisive, the 
chlorine and oxygen compounds, on the other hand, still show the 
regular increase. 

Here again we see that some elements belong to different rows. 
As already mentioned, Mendelejeff was the first to call attention to 
these relations. '' 

Notwithstanding the agreement of numerous facts with the theory 
of valency, several important difficulties, particularly in organic 
chemistry, have stood in the way of its being rigorously and consist- 
ently carried out. First of all, the primary principle that the com- 
bining tendency of atoms is always satisfied by the same number of 
equivalents is not general There are many compounds which for a 
certain quantity of one element have different numbers of equivalents 
of other elements, as, for example, carbon monoxide CO and carbon 
dioxide COj , nitrogen monoxide N^O, nitrogen dioxide NO, nitrogen 
trioxide N^Og, and nitrogen peroxide NO,. Stress must be laid on 
the fact that these are all substances whose vapour densities are 
known, so that there can bo no doubt as to their molar weights. 
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Two explanations of this have been offered. The hypothesis of 
constant valency was by soma asserted to be strictly true, and the 
compounds of an element were called unsaturated when all the 
valencies attributed to it from a consideration of the majority of its 
known compounds were not satisfied, the assumption being that in 
certain circumstances there could be compounds in which some of the 
valencies remained passive. The reason was not given why this 
should occur in certain cases only, and why the atoms did not assume 
the arrangement — always theoretically possible — in which all the 
valencies would be satisfied. Further, valencies were classed as 
principal and subsidiary, in order to explain certain comparatively 
rare kinds of combination. 

Other chemists assumed that the valency could change, that in 
nitric oxide, NO, for example, the nitrogen as well as the oxygen 
was bivalent. This way of representing the facts is no more an ex- 
planation of them than the assumption of unsatm-ated valencies. 
Nevertheless, the strife between the supporters of constant and 
variable valency has been sufficiently bitter. 

There still remains, however, one possibility of explaining the 
actual changes in the valency. If we conceive valency as a oonse-| 
quence of a property of the atoms, its action being modified byl 
differences m their condition, especially by differences in their states j 
of motion, it is comprehensible that although the cause of valency is 
invariable, the effect' of this cause, the valency itself, may appear | 
different from case to case. i 

A hypothesis of this kind was advanced by van’t Hoff (1878). ■ 
By assuming that the chemical attraction between two molecules is , 
caused by gravitation, he showed that if an atom possessed a form 
other than spherical, the intensity of the attraction at its surface ' 
would have a certain number of maxima dependent on the form. If 
the thermal motion of the atom were brisk, only the strongest maxima 
would be able to retain their atoms, and the valency would thus 
appear, as is actually the case, smaller at high than at low tempera- 
tures. '* ' 

Molecular OompotmdB. — The need of finding an explanation for a 
great class of compounds, mostly known only in the solid state, and 
whose constitution cannot be explained by the ordinary assumptions 
as to the valency of the atoms, has led the supporters of constant 
valency to consider these compounds as being of a different order 
from those which come under the ordinary rules of valency. These 
bodies are called molecular compounds in contradistinction to the 
usual or atariiio compounds. The former, which are made to 
include salts with water of crystallisation, double salts, and (by some) 
all the salts of ammonia, are not supposed to owe their chemical 
coherence to the forces acting between atom and atom that condition 
the valency ; but the molecules from which these compounds originate 
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are assumed to exert as -wholes such forces on each other as serve to 
keep the compound together. 

The molecular compounds have only been distinguished from the 
atomic compounds on account of the hypothesis of constant valency 
a fact which inclines one to look upon this hypothesis with suspicion, 
especially as all exertions to find a distinction between the two classes 
other than that with respect to the valency have proved fruitless. 
For the rest, the properties of the one class pass gradually into those 
of the other, a continuous descent from greatest to least stability 
appearing with corresponding . compounds At present they are 
commonly explained with the aid of subsidiary valencies (p. 203). 

The whole subject of molecular compounds has been recently 
worked up by A. Werner, acting on the notion of the “coordination 
number,” a generalised scheme of types of compounds. It can be no 
more than mentioned here. 

Stereochemistry. — Struotm-al formulae have not been found 
capable of representing all the newly discovered kinds of isomerism, 
and have undergone extension in a direction which must be regarded 
as an appropriate development of the principle. After Wislicenus 
had shown that certain phenomena of isomerism among the lactic 
acids could not be adequately expressed by structural formulas 
written in a plane, van’t Hoff (1877) made the first attempt at a 
spaoe-fermulation of the atomic space relations. He imagined the 
four valencies of the carbon atom to act at thn four summits of a 
regular tetrahedron, and developed the consequences arising from 
this. One of the most important is that a carbon atom united with 
four difterent radicals must be asymmetric, i.e. it can exist in two 
forms, which are not superposable, but are mirror images. The 
satisfactory agreement of this conclusion with the phenomena of 
optical activity will be demonstrated in a following section. 

A second conclusion, used in diverse ways by Wislicenus to ex- 
plain and to predict new kinds of isomerism, is the recognition of the 



Fill. 80 — MaleIo AotD Piu 81 — PumabW Aoin 


fact that a pair of doubly linked carbon atoms, in virtue of the spatial 
arrangement, gives rise to two isomers of the same structure. The sim- 
plest illustration of this idea is the isomerism of maleic acid (Fig. 30) 
and fumaric acid (Fig. 31), represented by the adjoining diagrams. 
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This idea haa 136611 exc6ptionalljr fruitful, for it not only en- 
couraged chemists, who hitherto had been somewhat shy of these 
oases of isomerism which were not compatible with structural 
f ormulie, to investigate them more accurately, hut served as a reliable 
guide in more difficult circumstances. In particular the researches 
of E. Eischer on the sugars are an instance in which the most 
diverse and complicated phenomena are up to the present very 
completely and satisfactorily explained by the theory 
. In the chemistry of nitrogen compounds also, stereochemistry has 
been a valuable aid, as Hantzsch in particular has proved. There 
IS already, too, a stereochemistry of compounds of sulphur, selenium, 
tin, and other multivalent elements. 

It appears likely that structural chemistry in space or stereo- 
chemistry will go the same way as structui’al chemistry in a plane. 
'When some such happy idea has been found, soon a large number 
of facts are found to be in the best of agreement with it. This is 
necessarily so, because of analogies m the nature of substances which 
are independent of any particular theory. Also a good symbol proves 
fruitful in that it predicts phenomena as yet unknown. It is not 
unlike an empirical formula representing some natural phenomenon, 
when used for extrapolation. If this is not carried far, there is 
agreement between the predicted and the subsequently observed fact. 
If the extrapolation is carried too far, or the near analogies exhausted, 
the differences become greater, and at last the formula is no longer 
applicable, and must be replaced by one with more constants which 
not only represent the earlier known facts, but also those discovered 
in the interval. 

So far the necessary extensions have been possible within the 
limits of the hypothesis, but it is improbable that this will always be 
. so. Already there are indications from the camp of the organic 
chemists that structural chemistry is exhausted as an aid to progress. 

Tautomerism. — Another necessary development of structural 
chemistry has been realised without serious change, by the apt use of 
knowledge gained in other branches of the science. Laar (1886) 
called attention to a number of substances which behaved as if they 
had more than one structm’al formula. He gave them the name of 
tautomers, and a large number have been since described (they are 
sometimes called desmotropic). It has been ascertained that they 
are substances which may easily and rapidly transform themselves into 
isomers of different constitution. Only one of these forms can exist 
in the solid state (unless the two forms can separate out as mixed 
crystals, which is not impossible though it has not been observed) ; 
in the liquid state, as the theory of chemical equilibrium demands, 
they are solutions of the various possible forms As substances are 
usually liquid (dissolved or fused) when they enter into reaction, the 
different forms are always present, and the one form or the other 
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reacts according to the circumstances, the form used up in the 
reaction being reproduced with a velocity which varies from case to 
case. From this simple point of view, the nature of the phenomena 
IS readily intelligible, although it cannot be discussed in detail now, 
as It requires some knowledge of chemical dynamics. 

The Three Main Questions. — The increasing complexity of the 
chemical problems which have arisen out of more exact and more 
diverse knowledge, has led to numerous questions, which range them- 
selves around three main points. While two of these may be regarded 
as satisfactorily settled at the present time, the third is still in process 
of development. 

The fli'st point is the appropriate choice of the atomic or com- 
bining weight. We shall soon learn the different experiments that 
have led to a decision of this question, and have finally resulted 
in a consistent series of atomic weights 

Vapour density has given information about the molar or 
molecular weight, the second problem, after it was itself definitely 
established Development has gone further, for it has been found 
possible to apply the ideas in cases where the substance could not 
be, examined in the vapour state. “Physical” methods alone are of 
use here, while the “ chemical ” methods, which rely on the mutual 
interactions of substances, are generally of no use. 

The third question, that of constitution, is m a different position. 
It has been from the beginning a purely chemical notion, the com- 
ponents which constitute the substance being those whose existence 
could be traced through a longer or shorter series of chemical 
transformations. After these constitutional relations had been 
established by the chemical methods, search was made for 
special physical differences among them Only after such differences 
had been noticed in known cases was it possible to apply them 
to unknown cases, though even then with difficulty owing to the 
undecided question how far the relation is applicable. For this 
reason the historical development of the idea pf constitution has 
been outlined above, since constant mutual adjustment of physical 
and chemical methods and ideas are required if the way through 
this difficult tract is not to be lost. 

The Choice of the Combining Weights. — Analysis of suitable 
comiiounds of the elements does not fix their combining weights. 
The numbers according to which the elements can unite are given 
by it; but there are m addition the rational factors of the law 
of multiple proportions, and the fundamental stoichiometric laws 
tell us nothing about these 

If all elements combined with each other in one ratio only, 
this doubt would be avoided by choosing the combining weights 
that express this ratio ; every compound would then always contain 
one combining weight of each of the elements in it. But this is 
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not the case , the law of multiple proportions attests that the 
ratios can be different, and experience teaches us that they are 
different in the greater number of cases. 

There is thus uncertainty, and other relations must be sought 
if this undesirable freedom is to be restricted so that the “ correct,” 
i.e. the most suitable, combining weight may be fixed upon. 

The atomic hypothesis, which stands in such direct relationship 
to the law of combining weights, cannot supply this deficiency. It 
indeed demands that only one of the possible combining weights 
can be the atomic weight, but provides no criterion by which 
to decide it. 

Berzelius made the first attempt to settle it with the aid of 
Gay-Lussac’s law of the relations between vapour density and 
combining weight. If the densities of the gaseous elements are 
proportional to the combining weights or simple rational multiples 
of them, it is possible to make the two directly proportional, and so 
make a definite choice. As a matter of fact, Berzelius was the 
first to enunciate this principle. 

He had soon to give it up. For although the elements could 
be considered in this way, it was not applicable to compounds 
without abandoning the fundamental rule, that the combining 
weight of a compound substance is equal to the sum of the 
combining weights of the elements. These difficulties have been 
already discussed (p. i69). They have been removed by the develop- 
ment of a new idea suited to the requkements, viz. molecular 
weight , but this development belongs to a later period. 

Berzelius, the most influential of the early investigators, had 
to be content with a less unambiguous basis. He found it in the 
two principles of simplicity and similarity, which ho strove 
for in formulating chemical compounds 

The atomic weights were accordingly so determined that the best 
known and most important compounds received the simplest possible 
formulie. The for^iilse of substances of similar chemical behaviour 
were then put into a corresponding form. Iron, for example, gives 
two oxygen compounds which for fifty-six parts of iron contain sixteen 
and twenty-four parts of oxygen respectively. The simplest assump- 
tion IS that in the first oxide equal numbers of iron and oxygen atoms 
are present, in the second two atoms of iron to every three of oxygen. 
If we took the atomic ratio 1 ■ 1 for the second oxide, the first would 
contain three atoms of iron for every two of oxygen. This seemed less 
simple to Berzelius, for although the formulae of the iron compounds 
themselves would not be rendered more complex, there are a great 
many other oxides similar to the lower oxide of iron which should 
therefore, according to the second principle, all contain three atoms 
of metal to two of oxygen. On the other hand, Berzelius gave to 
alumina the formula AlgOg, which, although less simple than the 
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formula AlO, and not made necessary by the existence of any other 
oxides of aluminium, is yet to be preferred on account of the great 
similarity of alumina in its combinations to ferric oxide. 

In spite of the uncertainty of this foundation, Berzelius built 
up with its aid a system of combining weights which has only 
undergone one material change: the halving of the combining 
weights of the alkali metals, which Berzelius had made equivalent 
to the alkaline earths. 

Atomic Heats. — While engaged in an extensive research on the 
laws of heat, Dulong and Petit (1818) discovered one of remarkable 
simplicity which they stated as follows ; The atoms of all 
elements have the same capacity for heat. 

According to the idea of heat-capacity given on p. 35, this means 
that quantities of the different elements in the proportion of their 
atomic weights are raised through the same temperature by the 
same quantity of heat. 

The importance of the discovery was at once recognised, but 
doubts were soon raised as to its general applicability, especially as 
the undoubted analogy between nickel and cobalt, and between 
tellurium and sulphur, was called in question by the numbers 
obtained owing to an unfortunate accident by which the measure- 
ments of cohalt and tellurium turned out wrong. The research 
was not completed as Petit died shortly afterwards, and Dulong 
did not again take up the matter. 

P. hleumann (1831) extended the law by applying it to compounds. 
His mode of statement is this: The specific heats of substances 
of similar composition are inversely as their molecular 
weights, or, what is the same thing, quantities of similarly 
composed substances in the proportion of their molecular 
weights have the same capacity for heat. 

Numerous investigations into this subject were then undertaken 
by Eegnault (1840) and Kopp (1864). These have in the first 
instance confirmed Dulong and Petit’s, and Neumann’s laws within 
wide limits, but have at the same time shown t£at both are of only 
an approximate character. The products of specific heat and atomic 
weight are equal for very many but not for all elements, the numbers 
often differing from each other by more than the amount of the 
experimental error. 

With respect to the relations between the atomic heats of the 
elements and those of their compounds, the principle was enunciated 
by Joule in 1844, after assumptions made by Avogadro, Hermann, 
and Schroder had been proved erroneous, that the specific heat of a 
compound is the sum of -those of its components. To Kopp belongs 
the credit of having proved this law to be of great generality. In 
other words, the atomic heat is an additive property of compounds. 
More exact research has shown that this is only approximately 
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true ; still it is close enough to permit the calculation of the atomic 
heat of an element from that of its compounds. 

According to Kopp the following elements have a “normal” 
atomic heat, i.e. such a specific heat that when multiplied into the 
atomic weight gives a number nearly equal to GA : Ag, Al, As, Au, 
Ba, Bi, Br, Ca, Cd, Cl, Co, Cr, Cu, Fe, Hg, I, Ir, K, Li, Mg, Mn, 
Mo, N, Na, Ni, Os, Pb. Pd, Pt, Rb, Rh, Sb, Se, Sn, Sr, Te, Ti, Tl, 
W, Zn, Zr. 

A smaller atomic heat is possessed by S = 6'4, P = 6‘4, F=5'0, 
O = 4‘0, Si=3'8, B = 2‘7, H = 2-3, 0=1'8 and Be. Only elements 
of low atomic weight are in this class; those whose atomic weights 
exceed 30 obey the law of Dulong and Petit. 

For several elementary substances it has been proved that the 
atomic heat increases rapidly with rise of temperatui’e until it attains 
the “ normal ” value of somewhat more than 6. W eber found this to 
be the case for carbon, silicon, and boron, and Nilson and Petters- 
son for beryllium. Some of the above numbers have not been directly 
observed, but calculated from the molecular heat of compounds by 
subtraction of the atomic heats of the other elements. 

It was a long time before the atomic heats wore systematically 
applied to the selection of the correct atomic weights. The error 
in cobalt and tellurium (due to impure preparations, a circumstance 
which has often since then made the work of physicists worthless) 
prevented Berzelius from applying it, even to the atomic weight of 
silver whose compounds he regarded as analogous with those of 
copper and zinc, but which from the atomic heat should be halved, 
The same indication as to the alkali metals, found later by Rcgnault, 
had likewise no effect. Cannizzaro (1868) first' showed in a com- 
prehensive research that the atomic weights deduced from the atomic 
heats were in accordance with those determined on other grounds 
which will now be dealt with. 

Isomorphism. — The rather vague idea of chemical similarity which 
Berzelius had at ^fst perforce to make use of was replaced by a 
more definite notion, at least for a number of elements, when 
isomorphism was discovered, i.e. the fact that some substances 
crystallise in the same crystalline form, although they are chemically 
difi’erent. This was in direct contradiction to a principle held 
to be quite general, for at the beginning of last century Hauy 
advanced as axioms the two principles that each substance had only 
one definite crystalline form, and that different substances necessarily 
possessed different forms (except in the regular system, where such 
are impossible) Both these principles were, however,' soon found 
to be contradicted by experience. Klaproth (1798) had found that 
calc-spar and arragonite with the same composition have different 
forms, and this observation was confirmed by later investigations. 
On the other hand, substances with exactly the same form, such as 
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tlie alums, tie red silver ores, and the mixed vitriols, had quite 
dilferent compositions. The assumption made to explain this, that 
the crystals merely contained the foreign substances as admixtures, 
was disproved by their perfect uniformity and transparency in 
many cases. 

The matter was cleared up by Mitscherlich (1820), who in the 
course of his researches on the phosphates and arsenates found that 
these had the same crystalline form when they were of similar 
composition, i.e when the components were alike except that one 
salt contained phosphorus where the other contained arsenic. A 
similar relation was soon found for many other compounds, so that 
it could be said in general, that the same crystalline form was 
possessed not only by identical but also by chemically similar 
substances. 

The phenomenon that chemically similar substances crystallise in 
the same form received the name of isomorphism from Mitscherlich. 
At first only the similarly constituted substances were called iso- 
morphous, e.g. the salts NajHPO^ + I2H2O and Na^HAsO^ + I2H2O. 
As, however, very many analogous compounds of phosphorus and 
arsenic are isomorphous, it has become customary to call these 
elements themselves isomorphous, so that the name is applied not 
only to those substances- having the same crystalline form, but to 
those elements or groups which can form similarly crystallising 
compounds with the same residues. 

The agreement of the angles of isomorphous substances is (except 
in the regular system) not at all jierfect j strictly speaking, homcco- 
morphism ought to be substituted for isomorphism. The differences 
are sometimes greater, sometimes less, but can amount to several 
degrees. 

A more certain criterion of the existence of isomorphism than 
agreement between the angles is furnished by the ability of iso- 
morphous substances to form mixed crystals. In such crystals the 
isomorphous equivalent components are not m combining but in 
perfectly indefinite proportions, dependent entirely on the conditions 
of formation of the crystals. But the sum of the isomorphous elements 
is exactly equivalent to the quantity corresponding to the formula of 
either of the simple compounds ; or in other words the isomorphous 
elements replace each other in the ratio of their equivalents, 

1 The properties of such mixed crystals are in general such as would 
be calculated from the formula of simple mixing This has been 
proved for the coefficient of refraction, the specific gravity and the 
angles. In some cases there occur abnormalities. 

Isomorphism has been the cause of numerous theoretical specula- 
tions as to the form of the smallest particles, etc., but these have 
as yet led to no important results On the other hand, however, the 
principle of isomorphism has been found exceedingly useful in the 
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discovery and proof of chemical analogies, as just stated. In earlier 
years the criteria of isomorphism wei'e not strictly observed, and 
many substances were called isomorphous on the strength of a mere 
accidental similarity of angle, which may easily happen. 

The elements which are either isomorphous or can form iso- 
morphous compounds, are the chemically similar groups, as mainly 
represented by the periodic system. In fact the empirically classified 
isomorphous groups are almost identical with those series as a glance 
at the table on p. 1 54 will show. 

The following points should be borne in mind. The elements 
of lowest atomic weight are not included in any isomorphous group ; 
the elements up to fluorine stand alone. From sodium onwards 
isomorphous groups commence, but as a rule the odd and even 
groups are isomorphous among themselves but not with each other. 

Besides these simple relations, there are others whose irregularity 
is probably due to the imperfections of the 2iei'iodic system Lead, 
for instance, is isomoi’iihous with Oa, Sr, Ba, while cadmium shows 
closer relations with zinc and magnesium. The metals of the iron 
group which find no place in the system, and copper in their bivalent 
compounds are grouped with magnesium and zinc ; in the trivalent 
compounds, so far as they exist, with aluminium, etc. The different 
valency which many metals assume is the main cause of their 
belonging to several groups. Thus, manganese in its bivalent 
compounds is isomorphous with magnesium, in the trivalent state 
with aluminium. The salts of manganic acid are like those of 
sulphuric acid and solenic acid, those of permanganic acid are 
grouped with perchlorates, while the 2ieroxide is isomoiphous with 
the compounds of titanium, zirconium, tin, etc., with the same 
formula. This element thus belongs to at least five different iso 
morphous groups 

This diversity is a great advantage for the purpose now under 
consideration, for by means of it the different groups are Imked 
together It has led to tho requirement that each element is to 
he given only one tftomic weight, which appears correct in all the 
groups in which it occurs. For example, manganese with the same 
atomic weight Mn = 64' 9 6, fits in with every one of the five groups 
mentioned above, and they are not in contradiction to other similar 
relations with multivalent elements. 

Estimation from the Molax Weight. — Colligativo properties are 
in a certain sense the antithesis of additive properties. While tho 
latter are closely connected with the quantity of substance, the 
former are so far independent of it that the quantities of substance 
which have the same value of E in the vapour state, vary widely 
with the nature of the substance They have introduced another set 
of ideas which centre in the molecule as a characteristic unit for 
chemical affinity and analogy. 
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The importance of molar weight for the present problem is that 
neither fractions nor common factors should occur among the 
coeiEeients. We have already seen that the first requirement is 
advanced by the atomic hypothesis (since parts of atoms are a 
contradiction of ideas), and also from the point of view of stoichio- 
metry, since the deduction of the law of multiple proportions took 
into account multiples but not fractions of combining weights. 
The second requirement, that the atomic weight selected be as 
large as is compatible with the first requirement, is simply a matter 
of scientific economy. There is no gain, for instance, in putting the 
atomic weight of carbon at 6, if afterwards all molecular formula! 
contain the coefficient 2 for this element. It is simpler and there- 
fore better to make it 12 from the beginning and so reduce all the 
coefficients to half their previous value. 

In this way we get an upper and a lower limit for the most 
suitable atomic weight. It is not of the same nature as the other 
criteria. If an atomic heat or an isomorphism has been established, 
only one single atomic weight can be considered, the possibility of 
another multiple is simply excluded. But if the molar weights 
of only a few compounds of an element are known, it is quite 
possible that accidentally in all these the same multiple of the 
atomic weight occurs ; in which case this multiple would be taken 
as the correct value, and this error might be rectified by the 
subsequent discovery of a new compound with another coefficient, 
This method gives only the highest value, which may possibly be 
an integral multiple of the correct value. On the other hand, there 
are the abnormal vapour densities (p. 166) which lead to too small 
values, unless the complex nature of the vapour is recognised. 

Molar weight is therefore an uncertain guide to the beat atomic 
weight; only the circumstance that as a rule a large number of 
different compounds of the element can be drawn upon increases 
the certainty against mistake. It thus becomes plain how important 
even for preparative and systematic chemistry has been the ex- 
tension of the molecular idea by the discovery of other colligative 
properties, especially in ddute solutions. It should always be 
mentioned that Cannizzaro in his research alluded to on p. 209 
had already proved from the existing knowledge which at that 
time was based entirely on the vapour density, that the different 
methods of selecting the most suitable atomic weights gave the same 
results. 

Other Colligative Properties.— We sec, however, at once that 
the problem can be solved by measuring any colligative property, 
for by definition all colligative properties assume the same value for 
equimolar quantities of different substances. If we thus determine 
how much of the substance with unknown molar weight is required 
to give a value of any colligative property equal to that given by 
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a known quantity of a substance of known molar weight, then these 
quantities must be in the ratio of the two molar weights. 

Colligative properties have been observed mainly in gases and 
solutions, and to determine the molar weights of dissolved sub- 
stances the colligative properties discussed on pp. 178-189 may all 
serve — ^thus, the osmotic pressure, the lowering of the vapour 
pressure and of the freezing-point. The two latter are now experi- 
mentally most developed ; a determination of the molar weight by 
the boiling- or freezing-point method is much ibore easily and rapidly 
executed than, for example, a vapour-density determination. 

The question here arises, in what ratio the molar weights 
determined according to the different methods stand to each 
other, in particular whether they are identical. A somewhat com- 
prehensive investigation undertaken by Beckmann (1888) showed 
that the results obtained by the method of freezing-point depression 
are in close agi-eement with those obtained from the vapour density. 
In one or two cases, where a tendency towards the formation of 
double molecules is seen in the vapour density, e.g. acetic acid, it 
appeared that different solvents act differently. Dissolved in water, 
aoetio acid exists as normal molecules C 2 H 4 O 2 ; in benzene, on the 
other hand, it forms double molecules. The water therefore acts on 
acetic acid like a high temperature or a low pressure, the benzene 
like a low temperature or a high pressui'e. Again, for non-volatile 
substances, whose molar weights had hitherto only been inferred 
from the ohemioal reactions into which they entered, the values 
obtained from the depression of the freezing-point were almost 
without exception identical with those obtained on chemical grounds, 
so that the method holds good on all sides. It should be observed 
that when a tendency to the formation of double molecules is 
present, as it is in many compounds containing hydroxyl, effect is 
much more completely given to this tendency in benzene solutions 
than when the substance is dissolved in water, acetic acid, or phenol, 

The theoretical considerations given on p. 172 el seq., point to the 
equality of the molar weights in gases and solutions, in agreement 
with experience. 

By the discovery of the colligative character of the properties of 
solutions just mentioned, the possibility of determining the molar 
weights, formerly confined to volatile substances, has been enormously 
increased, for now it extends to all soluble substances, i.e. to almost 
all that come into the chemist’s hands. We see at once how much 
the investigation of unknown substances is advanced by this. If the 
molar weight of a new body is known, the possibilities of its rational 
constitution suffer an immediate and great limitation, so that a choice 
is materially facilitated. 

The vapour pressure and freezing-point methods by no means 
exhaust the possibilities of molar weight determinations m solution, for 
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there are many additional practicable ways of altering the concentra- 
tion in a reversible manner (p. 189). There is hardly a practical 
need to work out these methods, and the other relations mentioned 
are mainly of service in calculating other numerical regularities, the 
molar weight being assumed to be known. 

Liq.uids. — A colligative property of pure liquids has been dis- 
covered in the temperature coefficient of the molar surface energy 
(p. 168) The results agree, on the whole, with the other methods. 
It may be supposed, therefore, that they are theoretically connected. 
Van der Waals has recently developed the theory (1908). 

A further colligative property is Trouton’s Rule for the heat of 
vaporisation If T is the boiling'point of the liquid m degrees 
absolute, and W the molar heat of vaporisation, W = AT, where A is a 
constant independent of the nature of the substance. At atmospheric 
pressure A is about 20 cal or 83'7j, or roughly 84], the formula then 
runs W = 84Ti. 

This equation holds for the comparison at atmospheric pressure 
only, and must not be regarded as a general formula, It does not 
hold for all temperatures, as is easily seen from its not giving W = 0 
at the critical temperature, as it ought to do. The coefficient 84 is 
thus a function of the pressure, which is in the meantime unknown. 
Deviations from the formula indicate abnormality of molar weight. 

Further regularities are afforded by the critical constants and the 
theorem of corresponding states. They have been discussed by 
Guye (1894), Ramsay (1894) and others, and give results, as a rule, 
in agreement with the surface tension method. They are less 
definite, however, and this mention of them must suffice. 

Solids. — Attempts have been made in the following manner to 
obtain some idea of the molar weight of solids. There are solids of 
variable composition to which the idea of solution can be applied. 
They are the isomorphous mixtures, palladium-hydrogen and similar 
things, and those uniform mixtures which are formed when two non- 
isomorphous solids crystallise together, a large number of which are 
known. All these have a claim to the term solution on account of 
their homogeneous nature. By applying similar considerations as those 
which led to the various methods of molar weight determination in 
liquid solutions, to the properties of these mixtures some conclusions 
have been drawn regarding their molar weight, which, following 
van’t H off, are treated as solid solutions. 

The results of this attempt, which appear to some extept doubt- 
ful, go to show that the molecules in a solid solution are not 
particularly complex ; the molar weight as calculated being generally 
the same as for liquids. This does not exclude the possibility of 
other solids being highly complex, solid sulphur, for instance, can 
hardly have a smaller formula than dissolved sulphur, and this can be 
as high as Sg. 
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Polymorphism of solids was frequently looked upon as evidence 
that the molecules of solids are very complex, as the different forms 
could only be explained by different combinations of the chemical 
molecules. 

When allotropic solids are brought into the liquid or gaseous 
state, not a trace of difference between them is left The vapour of 
red phosphorus is identical with the vapour of yellow phosphorus. 
A solution of red phosphorus is different from one of yellow, and 
the allotropy is retained in the state of solution. A solution of 
rhombic sulphur in carbon disulphide is in no respect different from a 
solution of similar composition made from monosymmetric sulphur. But 
differences persist for some time when amorphous sulphur is dissolved. 
Conversely, from the same solution, e.g. one of nickel sulphate 
supersaturated by cooling, any one of the different forms of the salt 
may be obtained by the introduction of a fragment of the ooiTespon,d- 
ing crystal. The so-called physical isomerism thus occurs mainly in 
connection with the solid substance, and generally disappears when- 
ever the latter assumes another state of aggregation. 

While these phenomena may be interpreted in favour of a 
greater complexity of crystal-particles in comparison with the chemical 
molecules in liquids or vapours, the results from solid solutions do 
not point to it. 

Results — Cannizzaro (1858) showed that all these methods 
lead to the same results, in contrast with the diverse practice at the 
time. The law of Dulong and Petit had been made good by the 
more accurate determinations of Regiiniilt (except for the elements 
with small atomic weight), and the fundamental rules of simplicity 
and similarity have survived as fully satisfying the requirements of 
the molecular theory. 

These methods have made it possible to oxercise an unexception- 
able choice from the possible values, a choice which is in every case 
now generally accepted. The more recently discovered methods 
have served only to confirm the resulting system. 

Hydrogen, H*= 1’008 serves as starting-point. 

Oxygen, 0 = 16, from the proportion by volume 1-2 with 
hydrogen on the formation of water ; from the equality of its atomic 
heat with that of hydrogen in the gaseous state. 

Nitrogen, N=14:'01, from the proportion by volume 1 : 3 to 
hydrogen on formation of ammonia, and to oxygen in the correspond- 
ing compounds ; from the equality of its atomic heat with that of 
gaseous oxygen and hydrogen 

Carbon, 0=12-00, from the vapour densities of both organic 
and inorganic oompoiinds there has never been found a smaller 
molar weight than corresponds to 0=12. The specific heat gives 
no definite information. 

Chlorine, 01 = 36-4:6. Prom the proportion by volume 1 : 1 on 
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combination with hydrogen, from the Yolnmes of the oxygen 
compounds. 

Bromine, Br = 79'91, and Iodine, I = 126'93, are perfectly 
analogous to ehlol-me in their compounds, as well as isomorphous 
with It. 


Fluorine, F = 19‘0 was with some uncertainty determined from 
the analogy with the chlorine compounds. Mora recently, it has 
been confirmed by the gas density of the element and of many of its 
compounds 

Sulphur, S = 32'06, from the vapour density, the volume of 
hydrogen sulphide, and from the specific heat. 

Selenium, So = 79-2, is isomorphous with and analogous to 
sulphur. 

Tellurium, Te = 127’6, is isomorphous with and analogous to 
sulphur and selenium 

Phosphorus, P = 31'0, from the specific heat {somewhat un- 
certain). Prom the vapour density of the element itself we should 
conclude that it possessed double this atomic weight, but the vapour 
density of hydrogen phosphide, on the other hand, gives P = 31. 

Arsenic, As = 76, from the specific heat, the vapour density of 
the trichloride, and the isomorphism with phosphorus, 

Silicon, Si = 28'24. The specific heat yields uncertain informa- 
tiou : from the vapour density of the tetrachloride, and from the 
isomorphism with titanium and zirconium 

Boron, B= ll’O, from its volatile compounds. 

Lithium, Li = 7‘03, from the specific heat, which is normal not- 
withstanding the low atomic weight. 


Rubidium, Rb = 86'4, is isomorphous with potassium. 

Cmsium, Cs = 132'8, is isomorphous with potassium and 
rubidium. 


Glucinum, 61 = 9T1. This element has caused much trouble. 
Corresponding to the low atomic weight, the specific heat is very 
small, and an indubitable isomorphism has not yet been shown to 
exist A determination of the vapour density of the chloride has 
decided the question. 

Magnesium, Mg = 24-33 1 , 

Calcium, Ca = 40-12 ) 

Strontium, Sr = 87 6 is isomor 2 i]ious with calcium and lead. 

Barium, Ba= 137‘4, is isomorphous with calcium, strontium, and 
lead 


Aluminium, Al = 27, from the vapour density of the chloride 
and from the specific heat. 

Gallium, Gra=70. The vapour density of volatile compounds, 
the specific heat, and isomorphism, all lead to the same value, 
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Scandium, Sc= 44r‘l, from isomorphism -with aluminium. 

Cerium, 06 = 140'). c i. ^ 

Lanthanum, La = 139 j 

Praseodymium, Pr=141, and Neodymium, Nd=144, have 
not had their specific heats determined in the pure state. The 
corresponding measurements on the mixture previously known as 
Didymium fix the atomic weights with certainty. 

yttrium, Ytterbium, and the other metals of the rare earths, 
from analogy and isomorphism with cerium, lanthanum, and the 
didymium metals. 

Iron, Pe = 66'86, from the vapour density of the trichloride, the 
specific heat, and its isomorphism with calcium. 

Cobalt, Go = 59 ") from the specific heat and the isomorphism 

Nickel, Ni= 68 6 I with iron, etc. 

Zinc, Zn = 66‘4, from the specific heat, isomorphism with mag- 
nesium, and the vapour density of the metal and its chloride. 

Cadmium, Cd = 112’4, from the specific heat and vapour density. 

Copper, Ou = 63’6, from the specific heat and isomorphism with 
iron, etc. 

Silver, Ag = 107'9, from the specific heat, and isomorphism with 
sodium. 

Mercury, Hg=200, from the specific heat, and the vapour 
density of the metal and its halogen compounds. 

Lead, Pb = 206*9, from the specific heat and the vapoiu* density 
of the chloride : also isomorphoua with calcium, etc. 

Thallium, Tl = 204, from the specific heat, the isomorphism 
with potassium, cassium, rubidium, and from the vapour density of 
the monochloride. 

Titanium, Ti = 48*1, from the vapour density of the chloride and 
the isomorphism with silicon and tin. 

Zirconium, Zr = 90*6, from the vapour density of the chloride 
and the isomorphism with silicon, titanium, and tin 

Tin, Sn = 119, from the specific heat, the vapour density of the 
chloride, and the isflniorphism with silicon, titanium, and zirconium 

Thorium, Th = 232*4, from the specific heat and the isomorphism 
with zirconium. 

Vanadium, Vd = 6r3, from the vapour density of the chloride 
and oxychloride and the isomorphism with phosphorus and arsenic. 

Niobium, Nb = 94*2, from the vapour density of the chlorides 
and oxychlorides. 

Tantalum, Ta=183, from the vapour density of the volatile 
chlorine compounds. 

Antimony, Sb = 120*4, from the specific heat, the vapour density 
of the chloride, etc., and the analogy with arsenic. 

Bismuth, Bi = 208*0, from the specific heat, the vapour density 
of the chloride, and the analogy with arsenic and antimony. 
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Chromium, Or = 62-1, from the specific heat, the vapour density 
of volatile compounds, and the isomorphism with iron, sulphur, etc. 

Molybdenum, Mo = 96’3, from the specific heat (doubtful), the 
vapour density of volatile compounds, and the isomorphism with 
chromium. 

Tungsten, W = 184’0, from the specific heat, the vapour density 
of the chlorine compounds, and the analogy with chromium and 
molybdenum. 

Uranium, TJ = 239‘4, from the specific heat, the vapour density 
of the halogen compounds, and the analogy with chromium, etc. 

Gold, Au = 197-21 

Platinum, Pt = 194-8 

Iridium, Ir =193-2 

Osmium, Os =191 from the specific heat 

Palladium, Pd = 106-7 

Rhodium, Rh = 103 

Ruthenium, Ru = 101-7 

The rare gases, argon, helium, and analogues, all discovered 
within the last ten years, have given rise to much discussion. No 
chemical compounds of them are known, and the gas density only 
fixes a maximum value, since the molar weight may be a multiple of 
the atomic weight. The only other available means is the ratio of 
the specific heats, which is 1-67 for the monatomic vapour of mercury. 
The ratio is the same for these gases. This indicates an unmistak- 
able analogy with mercury vapour, which is independent of any 
hypothesis; similar formiilm appear to bo justified if other indica- 
tions are wanting. But another indication is found in the periodic 
law (p 164), since they can only take their regular place in the 
table if the atomic weight is made the same as the molar weight 
In this table only the moat important data are collected ; a large 
number of other confirmatory relations have been left without mention 
The Periodic Law. — The most striking confirmation of the 
propriety of the above selection of atomic weights is formed by 
the regulcaritios which appear when the elements ar^ arranged according 
to the magnitude of the atomic weights so chosen. The relations 
have been already shortly indicated (p. 162), and now form a fourth 
and very important means of determining the true from amongst the 
possible atomic weights, having given a decisive answer in many 
cases where the other methods failed or were ambiguous. 

To complete what has been already said with regard to them, we 
shall now consider a few properties of the elements and of their com- 
pounds in their relation to the periodic system. Besides the dis- 
coveiers (Meyer and Mendelejeff), Oariielley in particular has in- 
stituted investigations in this direction, and at present it may be said 
that almost every well-defined and comparable property appears as a 
periodic function of the atomic weight. 
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As to the chemical properties, all that is needful has abeady 
heen stated. Of the physical properties of the elements, the atomic 
volume shows the periodic variation most eleaidy, as was first indicated 
hy Lothar Meyer. In Fig. 32 the atomic weights are the abscissae, 
and the atomic volumes the ordinates, the points being connected by 
thick lines. As we see, the curve appears as a series of undulations 
always growing larger as the atomic weight increases, and exhibits 
the periodicity in the most marked manner The elements with 
similar chemical properties are found at similar portions of the curve ; 
thus the strongly basic alkali metals are always at the maximum 
points, while immediately before them on the ascending portions the 
strongly acid-forming halogens find their place. After them, on the 
descending portions of the curve, lie the metals of the alkaline earths, 
the metals of the earths, and so on, always with diminishing basicity, 
while the ascending parts are occupied by the elements with a more 
acid-forming chai’aoter. 

A second property of equally pronounced periodic character is the 
melting-point The corresponding curve is given in Fig. 32 by the 
thin lines. The undulations are here nearly midway between those 
of the atomic volume, and show a double periodicity, being alternately 
large and small. 

Further regularities of a periodic nature have been observed in ; 
the followingproperties. — molar volume of analogous compounds, 1 
refractive power, heat of formation of analogous compounds, - 
conductivity for heat and electricity, colour, viscosity, etc. 

It must also be emphasised that the regularities, so far as they are 
known, are far from having the sharpness and definiteness desirable. 
They are not of such a character that one can calculate the properties 
of an element from those of its neighbours , a rough estimate only 
can be formed. This, of course, in nowise diminishes the value of the 
general principle j it only renders evident that important problems 
are here still awaiting their solution. 

Such a problem is the obvious attachment of certain elements to 
different groups. Thus chromium, from its decidedly basic monoxide, 
should go with zinc and magnesium ; from its alum-forming sesqui- 
oxide, with aluminium and gallium; while from its acid-formmg 
oxide it ought to bo classed with molybdenum and tungsten : only 
the last analogy has found a representation in Fig. 32. Copper, by its 
lower oxide and its insoluble lower chloride, is doubtless related to 
silver, but mercury from the next gi’oup and thallium from the third 
are much more nearly allied to these metals than sodium or gold ; 
while, on the other hand, cupric oxide would serve to place copper 
along with magnesium and zinc. Manganese, corresponding to its 
different degrees of oxidation (MnO, MugOg, MnOg, MnOg, and 
®ould be brought into five distinct groups. For these and 
numerous other facts no expression is given by the periodic system, 
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It must bo further borne ni mind that the elements with lowest 
atomic weight have quite an abnormal character. Mendelejeff has 
called these the “typical elements,” a name signifying just the 
opposite of what is really meant, for these elements are by no means 
typical of the groups whose first members they constitute, but rather 
show a decided tendency to assume the properties characteris- 
tic of the next following group. Lithium, for instance, forms 
a sparingly soluble carbonate and an easy soluble bicarbonate, thus 
resembling the bivalent metals of the alkaline earths, and not the 
metals of the alkalies. Grlucinum in its behaviour is so like aluminium 
that until the determination of the vapour density of its chloride it 
was considered by many chemists as a tnvalent element. Tnvalent 
boron, again, in the free state as well as in its compounds, is like 
no other element so much as quadrivalent silicon. Fluorine is 
distinguished by forming compounds in which it behaves like a 
bivalent element. The periodic law is once more unable to give 
a rational explanation of these peculiarities. 

The differences between the progressive numerical values of the 
atomic weights are by no means the same, but vary as much as cent 
per cent This is the case with elements whose atomic weights have 
been so exactly determined that the hope of later researches bringing 
the values to equal distances apart cannot be entertained. It may, 
however, be possible to bring these irregularities into a relation of 
mutual dependence with others known to exist, and so discover a law 
regulating them. The periodic system leaves at present the 
impression that the elements are somewhat irregularly scattered in a 
regular scheme, so that they in some way do not quite fall into their 
proper places 

In spite of all this, however, we must not hesitate to acknowledge 
that the discovery of the properties of the elements and of their 
comparable compounds being periodic functions of their atomic 
weights, is one of the most important steps made by scientific 
chemistry in recent times. The principle has stood the test both in the 
prediction of the properties of elements at the time undiscovered, and 
in the indication of errors in the atomic weights previously accepted. 
We must agam emphasise the intimate connection between the 
periodic system and the other grounds for. the choice of the real 
atomic weights. Every attempt to find similar relations in other 
systems of atomic weights — G-melin’s “equivalents,” for example — 
has proved abortive, so that the periodic law stands, as a means of 
determining the true atomic weights, on an equal footing with 
isomorphism, the law of Dulong and Petit, and the law of 
Avogadro. 

Constitutive Properties. — The number of specific properties 
recognisable in any given substance is very great, for each kind of 
energy gives rise to one itself, and in conjunction with other special 
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properties. These are mainly constitutive. This is shown by the 
circiunstance that isomeric substances can be differentiated, which 
depends on their different properties. As the substances have the 
same composition, these properties must be constitutive. 

This constitutive nature is developed to very different degrees. 
On one hand, there are the properties which are in the main distinctly 
additive, with the result that the constitutive influences appear as 
deviations or ^regularities in the additive scheme. There was for 
long a tendency in science to get rid of these constitutive irregular- 
ities as far as possible by means of suitable formulation, and leave 
the purely additive scheme. In general this has not been successful, 
and it is scientifically more useful to take such influences for granted 
and attempt to discover then’ particular regularities. It is in any 
case a difficult problem, for constitutive differences do not lend them- 
selves to simple classification. But, since simple and important 
regularities have been observed in some cases {e.g. by a com23arison 
of saturated compounds with benzene derivatiyes) where there are 
great and to some extent regular differences of constitution, the 
problem, however difficult, does not seem to be incapable of solution. 
In the following sections different properties will be considered in the 
order of their constitutive character 

The Molar Volume of Solids — ^After G-ay-Lussac had discovered 
the far-reachmg regularities in the case of gases, the question 
naturally arose whether they did not hold for, the other states of 
aggregation. The answer given by experiment is in the negative , 
on the contrary, it has turned out that it is substantially an 
additive property. 

Its constitutive nature was at first more apparent, for it was found 
on calculation that the volume of a solid or liquid compound is 
generally different from the sum of the volumes of its constituents. 
Tor convenience and clearness in calculation, use is made of atomic 
VO lume and molar volume. By atomic volume is meant the volume 
in com. which a combining weight in grams of the element occupies. 
It is simply the product 'of the combining weight into the specific 
volume. In texbbooks and papers the density is usually given 
instead of the specific volume, which is its reciprocal, i e. to find the 
atomic volume, the atomic weight is divided by the density The 
corresponding numbers have been already used in the diagram (Fig 32) 
on p. 219. 

Similarly the molar volume is the product of the specific volume 
and the molar weight, or the quotient of the molar weight divided 
by the density. 

Now the density and volume change with temperature and 
pressure, and not in the same regular manner as gases do; it is 
necessary to find out how this indefiniteness can be removed or 
allowed for. The effects are, however, so small in solids that they 
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frequently fall below the accuracy with which the volume has been 
determined. They need not be taken into account, as they cannot 
in any case alter the main features. 

If, then, the volumes are compared simply at ordinary tempera- 
ture and pressure, it is found that the volume of a compound can 
stand in one of three relations to the sum of the volumes of the 
elements. In most oases it is smaller, sometimes much smaller than 
the sum, so that, for example, in compounds of the alkali metals 
the molar volume may actually be smaller than the atomic volume 
of the metal alone. These marked anomalies ocem- especially where 
the formation of the compound is accompanied by a very large loss of 
energy (evolution of heat), for as a rule the change in the nature of 
a system brought about by a chemical change is proportional to the 
corresponding change of energy. The atomic volume of potassium 
is 46-2, that of potassium chloride only 37'4, therefore much 
smaller. 

Less frequently the molar volume is greater than the sum of the 
atomic volumes. This has been observed in most of the iodides and 
in some sulphides. The third case, where both are equal, must be 
accidental, for an exact equality would be entirely destroyed by a 
change of temperature or pressure, either of which would aifect the 
volumes to a different extent. 

The first regularity in this domain was found by Ammermiiller 
(1840), who noticed that cuprous and cupric oxides have the same 
molar volume if we compare CujO with Ou^Og. It is as if one 
atom of oxygen in the lower oxide occupied as much space as two 
in the higher. Some other examples also correspond to a similar 
regularity, but many exceptions were soon found. 

The question whether the molar volume of solids could be con- 
ceived as in the case of liquids to be an additive property was 
then carefully investigated by Kopp (1841), and on the whole 
answered in the affirmative. The molar volumes are approximately 
sums of terms depending on the nature of the atoms or atomic 
groups. These partial volumes are, however, firstly not always equal 
to the atomic volumes of the free elements, and secondly the addenda 
are only constant within somewhat narrow groups, an indication of 
constitutive influences. These groups, as is to be expected from 
what has already been said, are for the most part formed of 
isomoiqihous componnds. 

In the closest connexion with this relation stands the “parallelo- 
s ter ism” of analogous and isomorphous groups enunciated by 
Schroder (1869). If we arrange analogous salts {e.g. the chlorides, 
bromides, and iodides of the alkali metals and of silver) in a table, 
in such fashion that compounds of the same element come into one 
line, vertical or horizontal, then the differences between the molar 
volumes of parallel lines will be constant. Thus we find 
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KGl 37 i I ITaCl 27 1 I AgCl 

ICBi- ii S NaBv . 33 S AgBr 

K1 64-0 1 Hal .43-5 | Agl 

wliero all the iodides, for example, have molar volumes some sixteen 

units greater than the chlorides, and where the sodium and silver 

compounds differ by from one to two units irrespective of the other 
component. 

The sulphates, carbonates, and nitrates of barium, lead, and 
strontium form a similar set, yet, as has been mentioned, the 
regularity is evidently limited to isomorphous groups. 

The question as to the relation in which the atomic volumes of 
the elements in the free state stand to their atomic volumes in com- 
pounds has only been very incompletely answered. From the fact 
that potassium chloride, for instance, occupies a smaller volume (37'4) 
than the potassium contained in it (45'2), we see that some elements 
decrease considerably in volume when they enter into combination. 
The assumption is made by Schroder that the volume occupied in the 
compounds is a rational fraction of the atomic volume when any 
condensation takes place. Some facts may be very well represented 
by such an assumption, but it is not at present possible to form a clear 
conception of the statement that a component of a solid occupies a 
definite volume within it. 

If we assume that silver in silver chloride occupies the same 
volume as it does in the metallic state, viz. 10‘3, then there remains 
15 3 over for the chlorine; deducting this number from the volumes 
of potassium and sodium chlorides we get the numbers 22T and ITS 
respectively. Now, the volumes of potassium and sodium in the free, 
state are 46-2 and 23 ‘S, which are nearly twice as large as the 
volumes of the metals in combination calculated on the above 
assumptions. 

These relations cannot be extended without strain. 

Volume Relations of Liquids.— The first regularities amongst 
molar volumes were discovered by Kopp (1842) : equal differences 
in composition correspond to equal differences in molar 
volume. Now the molar volumes of the organic compounds, which 
are here chiefly considered, are dependent largely on the temperature, 
and before any comparison could be instituted it was necessary to 
decide at what temperature it should be made. Kopp soon found 
that far greater regularity was obtained by comparing the liquids at 
their boiling-points, rather than at one and the same temperature 
say 0°. ' 

Kopp followed up his discovery of the above rule by a long series 
of exceedingly careful experimental investigations, which served 
partially to confirm and extend his first observations, partially to 
restrict them. Generally speaking, the molar volume at the boiling- 
point IS an additive property ; the molar volume of a compound 
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is the sum of the molar volumes of its components. At other 
temperatures, relations of this kind are not so noticeable. 

In homologous compounds the molar volume changes for 
every CH^ by 22 units on the average. This ivas proved for the 
hydrocarbons, alcohols, esters, acids, aldehydes, and ketones. 

Isomeric liquids have the same molar volume, as was shown 
in particular by the comparison of isomeric esters and acids. 

When two atoms of hydrogen are replaced by one atom 
of oxygen the molar volume is not materially altered. 
This holds specially for the change of alcohols into acids, but also in 
other oases. 

One atom of carbon and two of hydrogen can replace 
each other without the molar volume suffering any change. 
This relation was verified exclusively by the comparison of fatty and 
aromatic compounds. 

These rules at once lead to the idea of ascribing definite atomic 
volumes to the elements carbon, hydrogen, and oxygen, of which all 
the compounds mentioned above are composed, so that the molar 
volume of the compound may appear as tho sum of these atomic 
volumes. This has proved to be not quite possible, however, the 
deviations being too large. The property in question is thus not 
purely additive. Kopp showed how the different modes of combina- 
tion of oxygen stood in relation to these deviations. When the 
oxygen is doubly linked to one carbon atom (carbonyl oxygen) the 
molar volume is larger than when it is singly linked to the carbon 
atom (hydroxyl or ether oxygen). If we thus ascribe different atomic 
volumes to oxygen according to its chemical function, the molar 
volumes of the compounds can bo represented as the sum of the 
atomic volumes of their elements, with an error of at mott 
four per cent. 

The numerical values of the atomic volumes are • — 


Oaibou . . II 

Hydrogen . . . 6 '6 

Carbonyl oxygen . . 12 2 

Hydroxyl oxygen . . .78 


We have here, then, a constitutive influence which was at first 
regarded as additive The irregularities still remaining show that 
this process has not quite attained its end, or, in other words, the 
constitutive influence is not constant. 

Kopp also fixed the atomic volume of other elements as follows ; — 


Sulpbiu 

. 22 6 

Silicon 

. 32 

Chlorine 

.22 8 

Arsenic 

. 26 

Bromine 

. 27-8 

Antimony 

. 33 

Iodine 

. 37-6 

Tin . . . 

40 

Phosphorus 

. 26-4 

Titanium 

36 


Q 
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Tho last numbers are rather uncertain, as they were derived from only 
a few compounds. 

Very different results wore obtained for nitrogen according to the 
nature of the compounds investigated ; no satisfactory eiqslanation 
has been given of this The sulphur compounds also exhibited in 
many oases considerable deviations. Hare the constitutive influence 
is large and variable 

Thus Buff ( 1866 ) showed that unsaturated compounds have 
always a somewhat larger molar volume than that calculated 
from Kopp’s numbers. The same result was afterward obtained by 
Schiff and Horstmann. The latter also showed the great influence 
exercised by the chemical constitution in another direction, viz. by 
the so-called “ ring ’’-formation. 

The later development of the subject was hindered for a long 
time by the attempts of investigators to retain the additive form of 
regularity. For this pm-pose they assumed special senes of constants, 
different values of atomic volume in different groups, etc., in order 
to include the actual deviations from the simple sum of Kopp’s 
formula, in an expression of the same type. All these attempts 
failed ; in spite of this they are still kept up by a few. 

It has only come to be recognised lately that the molar volume 
is not a purely additive property, but constitutive. It must be 
said, however, that there never can be two cases in which formally 
identical chemical changes on two substances are really exactly equal. 
Consider the substitution which exercises the smallest and most 
regular effect on the chemical properties, the exchange of hydrogen 
for methyl. The substances formed by this process are called 
homologous because of the smallness of this effect. 

While, for example, the transition from an alcohol with twenty 
or more carbon atoms to the next higher homologue exerts such a 
slight influence that the two are scarcely distinguishable by virtue of 
their chemical properties, the change becomes greater the smaller the 
number of carbon atoms, and is a maximum for the change from 
methyl to ethyl alcohol. And the same is true for all similar cases. 
In general, then, the same substitutions (or any other chemical change) 
111 different substances are not strictly equivalent. There are, 
therefore,^ never two exactly equivalent constitutive differences and 
the constitutive influence of analogous chemical differences can never 
bo exactly the same. 

The problem is therefore not that of establishing a rigid formula, 
hut of showing the parallelism of the diverse constitutive differences 
and the deviations of the molar volume from the' simple scheme. 
Y ery little work has as yet been done in this direction. 

The above considerations have been worked out on the molar 
volumes measured at the boiling-point at atmospheric pressure. 
It may be asked if these temperatures are comparable. The only 
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retisonable ground of criticism is van der Waal’s (p 71) theorem 
of corresponding states. According to it the volumes are comparable, 
not at the boiling-point at the same pressure, but at equal fractions 
of the critical pressure. That regularities have been observed at 
the ordinary boiling-points may be due to the circumstance that the 
critical prossui-es are not widely different, and therefore the boilhig- 
points at equal pressures are not very far from corresponding states. 

Investigations on the molar volume at other temperatures and 
equal vapour pressures have in fact shown that the same regularities 
appear m the same form, but with somewhat different figures. In 
the few cases in which comparable molar volumes, according to van 
der Waals, were used for calculation the constitutive deviations 
from the additive scheme were by no means removed. Although 
an investigation of the question in this direction would undoubtedly 
yield many valuable results, it would make the general scheme more 
sharply defined, but hardly anything more. It should be remembered, 
too, that the rule of corresponding states has not proved so far a 
strict law, but an approximate rule only. Hence there is diminished 
certainty in applying it to the present case. 

Refraction in Liquids. — Light, as is well known, traverses 
different transparent substances at very different rates The 
velocities may be easily ascertamed by observing the path pursued 
by a ray which passes from one medium into another at any angle. 
The law that the sine of the angle of incidence is m a constant ratio 
to the sine of the angle of refraction then obtains, and this ratio, 
called the index of refraction, is that of the velocities of light in 
the two media. 

In isotropic substances, viz. liquids, amorphous solids, and 
regular crystals, light travels at the same rate in all directions; 
they have only one refractive index. Uniaxial and triaxial crystals 
have an infinite number of different refractive indices according 
to the du’ection, two or three of them being singular values. The 
following eonsider%tions apply to liquids only. 

If we observe the deviation of a ray of white light by a prism of 
Hquid, we obtain as usual a spectrum, in consequence of the coloui-s 
being difi'erontly refracted. The index of refraction must therefore 
be measured for definite rays. The kinds of light mostly employed 
are given in the following table, with them wave lengths in millionths 
of a millimetre . — 

Lithium (red) 

Hydrogen (red) . 

Sodium (yellow) . 

Thallium (green) 

Hydrogen (green) . 

Hydrogen (violet) 

The index of refraction of a given 


070 a 
. 666 2 

686 6 and 688-9 
. 634-6 
. 486 0 
. 434 0 

liquid is dependent on the 
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tomperaUire as well as on the land of light, usually decreasing with 
rise of temjierature. It varies also when the specific volume^ of the 
liquid is changed by alteration of the external pressure. We must 
therefore ask if there is no function of the index of refraction which 
represents the influence of the substance on the speed of light, in- 
dependent of the volume which that substance occupies. 

Several such formulee have been proposed. First of all Newton, 
from his emissive theory of light, gave the expression (n^-l)f/>, 

where <j> is the specific volume (or the equivalent one - 


l2- 1 


d is the density). This formula lost all theoretical basis on the 
victory of the undulatory theory That it was, moreover, empirically 
untenable was proved by Gladstone and Dale (1868), who also 
showed at the same time that the similarly formed but simpler 


function (n-1)^ 


- remained much more constant with the 


temperature, and was therefore to be considered the real measure of 
the refractive power. 

When this formula was tested by Landolt and others, it proved not 
to give quite constant values, although the approximation was 
tolerably good. No theoretical foundation for it was .proposed. 

In the attempt to find a theoretically deduced formula, even 
though the basis was partly hypothetical, L. Lorenz and H. Lorontz 
(1880) put forward the same expression (n^- l)/(n^ + 2)d = constant 
Smoe the one was deduced from the assumptions of the elastic ether 
theory of light, and the other from the electromagnetic theory of 
light, the agreement of the two lines of development lent an am 
of probability to the view that the result was of more general 
significance than either of the fundamental assumptions could confer 

The significance of such formulae is that they represent the 
influence of the substance on the speed of light, dependent only on 
the nature of the substance and not at aU on its arbitrarily variable 
conditions. The formulae are tested by bringing' a given substance 
into as many different conditions as possible, and observing whether 
the formula changes its value or not. 

These different conditions can be obtained in several ways. The 
temperature or the pressure may be changed, and thus the density 
altered, or the substance may be dissolved in another of known 
refractive power, and it is observed whether the value of the 
expression is additively made up of the values of the components. 

In the first turn methods, all that has to be done is to determine 
the density d at the variable temperature or pressure, along with 
the corresponding refractive index, put them into the formulie, and 
compare the results. 

The method of mixture depends on the following rule : If r^^ 
and Tg are the values of any function of the components, and r 
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that of the mixture in which the amounts of the two components are 
X and 1 - X, the additive relation is r = xr^ + (1 - x)!^ 

When the three formulae (n® - l)/d, (n - l)/d, and (n^ -- l)/(n^ + 2)d 
are put to the test, none of them completely satisfies the condition of 
independence of the external conditions. The first formula is the 
worst in this respect, and has been generally discarded on this 
account. The other two are practically equally good, first the one 
and then the other being in hotter agreement with the facts. The 
simpler one would be preferred but for the fact that the last formula 
(apart from its not very convincing theoretical development) is 
markedly superior in one particular instance. While the other 
formula is inapplicable in the comparison of the refractive index of 
volatile substances in the liquid and gaseous states, Lorenz showed 
that the last formula holds in a large number of instances, notwith- 
standing the enormous change of density. The following table gives 
the values of (n^ - l)/(n® + 2)d for the two states • — 

Liquid (20°). Qas. 

Ethyl ether . . . 3029 -3068 

Ethyl alcohol . 2807 •2825 

Water .... . 2061 2068 

Chloroform . •1791 •1796 

For this reason the third formula is the only one in use at the 
present time. It is of little importance for our present purpose 
which is used, as the general relations are exhibited in the same form 
by both, only with different numerical values. 

Before we enter upon these relations, it must be noticed that the 
refractive constant varies with the wave length of the light. The 
refractive index is usually greater the smaller the wave length, and 
to a different extent for different substances ; or, in other words, the 
dispersion is different for different substances. If it was pro- 
portional to the refractive index, as Newton had assumed, this 
inftuence would b^ eliminated by referring all the values to any given 
wave length, the change to any other wave length being effected by 
means of a constant factor. No such simple relation exists, and the 
question has been much discussed bow to got over the difficulties, 
Schrauf (1862) proposed to use, instead of any definite wave 
length, the constant A of the dispersion formula of Cauchy 

n = A-i-^-l-^-t- ..., where X is the wave length, and in which for 

A= 00 the index of refraction n = A, and the proposal was in many 
cases accepted. It seemed, indeed, rational to reckon with the index 
of refraction for infinitely long waves instead of that for any definite 
wave length. But it turned out that the formula by no means 
satisfactorily represented the dispersion; according to the observa- 
tions employed, different values were obtained for A, and it has been 
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made probable, particularly by measurements in the infra-red 
spectrum, that there is uo limiting value of the index of refraction 
towards which it converges. The employment of a definite ray 
has therefore again come into practice, the values being mostly made 
referable to the red hydrogen line of wave length 656 '2 millionths of 
a millimetre, or to the sodium line, which coincides with the D line 
of the solar spectrum. 

For stoichiometric purposes, the refractive index referred to unit 
mass (by means of the density) is multiplied by the molar weight m ; 
the values thus obtained are referred to chemically comparable 
quantities. This molar refraction is 

E = m(n - l)/d, or E = m(n2 - l)/(n^ + 2)d, 

and the first question that arises is as to the molar refractions of 
chemically comparable substances, and, in particular, to the con- 
nexion between the values for compounds and for the elements 
contained in them. 

Berthelot (1856), using the erroneous formula of Newton, first 
approached this question, and showed that it is really an additive 
property In a very comprehensive and careful investigation 
Landolt (1864) applied Gladstone’s formula, and found that, for 
certain classes of substances, the additive property is fully 
established. 

The procedure was precisely the same as that followed by Kopp 
m the investigation of molar volumes. First it was shown that equal 
differences in chemical composition correspond to equal differences 
in the molar refraction ; then atomic refractions were calculated for 
the elements, the sum of which, after each had been multiplied by 
the atomic coefficient, should give the molar refraction. If E is the 
molar refraction of a compound, the elements of which have the 
atomic refraction Ej, Ej, Eg, . . ., and the number of each kind of 
atom in the compound is nj, Oj, Ug, . . ., the formula is 
E = njEj -t n^Eg -t n^Eg -t . . . 

In this manner Landolt investigated many organic substances 
in the fatty series, with the result that the formula is in tolerably 
good, but not in absolute agreement with the experimental facts 
Effects similar to those observed by Kopp in the case of the different 
oxygen linkings, were clearly recognisable, but were not followed 
further. 

Using Gladstone’s formula, Landolt calculated the atomic 
refractions C = 5‘00, H - 1'30, 0 = 3'00 An example will illustrate 
their use. For ethyl alcohol, CgHgO, d = 0-8011, n= 1-361. As 
m = 46, m(n - l)/d = 20-70, while the sum of the atomic refractions is 
20-80. The agreement is within -6 per cent. 

Although the additive regularity was the prominent feature of 
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tins earlier work, it was quite apparent that it was uot the only 
effect. Gladstone and Landolt had pointed out individual 
exceptions; afterwards Bruhl (1880) discovered a constitutive 
influence, the double linkage of carbon always producing large and 
regular deviations from the onginal schome. Substances containing 
it always possess a greater molar refraction than that calculated from 
the atoms, and thus the law of Landolt has to bo extended in the 
same way as Kopp’s law for molar volumes Together with the 
additive summation we have the constitutive influence, so that 
the elements contribute differently to the molar refraction according 
to the function which they exercise in their compounds. 

This was first investigated in detail for carbon, but other measure- 
ments show that it holds for other elements, and not merely for those 
like oxygen, sulphur, nitrogen, etc., which have variable valency and 
modes of combination, but also for univalent elements. The follow- 
ing table IS given by Bruhl : — 


Carbon . 

Hydrogen 
Hydroxyl oxygen . 
Caibonyl oxygen . 
Olilorme 
Bromine 

Nitrogen (single bond) . 
Double linking of carbon 
Triple linking ot carbon 


2 48 
1-04 

1- 58 

2- 34 
C 02 
8-96 

13-90 

3- 02 

1- 78 

2- 18 


The two last values signify that two double-linked carbon atoms do 
not possess the atomic refraction 2 x 2-48 = 4'96, but rather 4-96 -f 
l-78 = 6'74; in the same way two triple-linked carbon atoms have 
the refraction equivalent 4'96 + 2T8 = 7-14. 

With the help of these constants (which are given with reference 

to the formula j And the a hydrogen line) we get molar 

refractions of compounds which agree very well with those observed. 
The considerable and very constant influence of double linking has 
frequently proved to be of use in the discussion of questions of 
constitution. 

We should not assume that the differences between measurement 
and calculation which still remain are due entirely to errors of 
observation. In fact it appears from the very extensive material now 
accumulated that such differences have an actual existence. They 
are caused in part by our present inability to talce dispersion into 
account, substances with strong dispersion yielding quite regularly a 
greater molar refraction than that calculated from the preceding 
constants. But substances also which have no great dispersive power 
exhibit similar small deviations, so that the conclusion we already 
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came to, that constitutive influences are always effecting slight altera- 
tions on the additive scheme of the refractive constants, holds in the 
most general manner The determination of the nature and amount 
of these influences still remains the task of the future. 

The above constants may bo partly tested by calculating the 
atomic refractions of the free elements from their refractive indices 
and densities. Thus from the values for gaseous hydrogen and 
chlorine we get the refraction H = 1'06 and 01=5'78, which agree 
very well with those obtained from the compounds. 

In other cases, again, the deviations are large, even in the calcula- 
tion of the molar refraction of the simplest compounds. The position 
here is the same as in the case of the molar volume (p. 226). The 
constitutive influence is most clearly shown in the first members of 
the different series of comparable substances, and it is erroneous to 
draw conclusions regarding the constitutive properties of simple 
compounds from the behaviour of more complex substances. They 
require individual treatment 

This applies more particularly to the refraction coefficients of 
gaseous substances. Although we know no state which is so com- 
parable as the gas state, the refractive indices of gases are absolutely 
at variance with the additive scheme. The reason is that they are, 
as a rule, quite simple compounds, and their individual characteristics 
predominate. The refraction of the vapours of more complex 
substances reproduces the regularities observed in liquids. 

The inorganic compounds have been much less thoroughly investi- 
gated than the organic. We owe almost all we know of this subject 
to the work of Gladstone. Here also we find a general additive law, 
though it is distinctly modified by constitutive influences. Tor 
instance, the molar refraction of free acids differs from that of their 
potassium salts by numbers which are very nearly equal in the case 
of all strong acids ; and this, likewise, is the case for weak acids, the 
diffaronoes in the two groups being, however, unequal. Similarly, 
when a metal can form several series of salts it ^appears to have a 
different atomic refraction in each senes. 

The determinations of the refractive power of such substances are 
111 general performed on their aqueous solutions. If these consist of p 
mols of water to one mol of salt, then we have the relation (p. 229) 

(18‘01p + m)r = 18’01pr„ + mK, 

where IS'Ol is the molar weight of water, m that of the salt; ifrjj, 

and E the refractive constants ( either (n- l)/d or of' the 

\ n^ H- 2 d/ 

solution, the water, and the salt. For the molar refraction of the 
salt we thus have 


mK = (18'Olp H- m)r - IS'Olpro 
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By special experiments Gladstone convinced himself that, whether 
the molar refraction is determined from the solid salt (he used prisms 
of rock salt) or from solutions, the result is the same, but later 
investigations have shown this to be inexact. 

Boiling-Points. — The first regularity connecting the properties of 
substances with the chemical composition was observed in the boiling- 
points of organic compounds. In the remarkable development of 
organic chemistry during the early half of the nineteenth century the 
boiling-point was employed as an important characteristic of newly 
discovered substances, and a fairly large mass of data was available. 
H. Kopp (1842) stated that equal differences of chemical com- 
position in organic compounds correspond to equal differ- 
ences of their boiling-points. Every ethyl ester of an acid, for 
example, boils 1 9° higher than the corresponding methyl ester, and 
the acid itself 46° higher than the ethyl ester. 

This indicates an additive property, since the corresponding 
differences are constant. But while Kopp, with scientific caution, 
limited his rule to the comparatively narrow region of the known, 
some of his contemporaries attempted to apply the additive scheme 
in its widest form. These attempts all came to grief, and necessarily 
so, for temperatm'es are not additive quantities at all, being 
intensities (p. 31); their algebraic summation is therefore devoid 
of meaning 

Later research, then, has not brought us much further than Kopp’s 
rule given above ; indeed the application even of it has had in 
many cases to suffer restrictions. Metameric substances, for 
instance, ought by it to have the same boiling-point, but this is not 
exactly the case It has been found rather that the differences in 
the constitution of isomeric compounds with similar chemical 
function (differences unknown to Kopp when he published his 
principig) always determine differences in the boiling-point, Ex- 
amples of* such bodies are to be found in the primary, secondary, 
and tertiary alcohcjs and acids; the so-called position-isomers amongst 
the benzene derivatives, etc. It is true that here also the differences 
are probably of a regular nature, the primary alcohols boiling 
higher than the secondary, and these again higher than the tertiary ; 
or, in the other group, the para compounds usually higher than the 
ortho and meta compounds. These regularities, however, are of a 
‘somewhat limited character and admit of so many exceptions that 
sSjte need only be indicated here. 

'“^ubs'tances having the same composition but differing in 
pro]?erti6s are said to be different in constitution, the corre- 
sponding differences of properties may.also be said to be constitutive. 
This difference is ordinarily ascribed to a different arrangement of 
the atoms contained in the substance. As this is a hypothetical 
representation, we may seek to express the facts without recourse 
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to any liypothoais. It is found in the circumstance that, irithout 
oxcoption, substances of identical composition and different properties 
possess different amounts of energy, and therefore behave 
differently when they suffer any change, whether alone or in 
conjiinotion with other substances. It is as well, therefore, to connect 
together the idea of constitution and the iiuantity of energy ; still, 
for the sake of brevity, use may be made of the elaborated formal 
language in which the chemistry of the time expresses it. For the 
only significance of structural and spatial formula is that they 
provide an intelligible representation of chemical change.s and 
reactions. 

As has been seen already, additive and constitutive properties 
are so connected that the properties are additive if the substances 
are chemically similar, and the additive property disappears when 
the substances compared are not so closely related. In particular, 
isomeric substances are more nearly alike in properties the more 
nearly alike their constitutions. In other words, the numerical 
values of the physical properties are parallel to their 
chemical relationship. 

Although it is as yet impossible to assign numerical values to 
such chemical similarities, the rule has been frequently applied with 
advantage. Particularly in doubtful cases it is of use in ascertaining 
chemical similarity, and in this respect the stoichiometry of con- 
stitutive properties (a large number of which exist) has become 
highly important. 

To give a few examples, by way of illustration, the boiling-points 
of the isomeric esters of fatty acids are not the same : they are pretty 
near, however, and are nearer the smaller the difference in the 
isomeric acid or alkyl group. . The boiling-points of the fatty acids 
which are isomeric with these esters, are higher still, but similar 
relations again hold. The following table makes this clear : — 


Iflomnrlc EstoM, OsIIioOi Nomorio Adds, OjHioOa. 


methyl n-hutyratc 

. 102-3° 

n- valeric aoid » 

. 186-4° 

methyl i-bntyiato 

. 92-3° 

i-valoiio acid 

. 176 3° 

ethyl propionate . 

. 98-8° 

trimetbylaoetio uoid 

. 183-8° 

n- propyl acoteto . 

100-8° 

etbybnethylaoetie aoid 

177 0° 

i-propyl .icetato 

91-0° 



n-bntyl fonnate 

. 106-9° 



i-butyl formate . 

. 97 9° 




Rotation of the Plane of Polarisation. — ^The ability of certain 
liquid substance to rotate the plane of polarisation of light is of 
an entirely constitutive character It is a property possessed by 
relatively few bodies, which are all, so far as we know, compounds 
of carbon, and in these it occurs only in connexion with certain 
quite definite circumstances, as we shall see below. 

The angle through which the plane of polarisation is rotated by 
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liquids is dependent on their nature as well as on the wave length of 
the polarised light. It is proportional to the thickness of the layer 
of liquid passed through, and varies with the temperature. 

The angle through which polarised light of definite wave length 
is turned when it passes through a layer whose thickness is inversely 
proportional to the specific gravity of the liquid is called the specific 
rotatory power of that liquid. It is denoted by [a] and we have 
the relation 



where a is the observed angle, 1 the thickness of the layer, and d the 
density of the liquid. The decimetre is usually employed as the 
unit of length. 

If we multiply this value by the molar weight m, then m[a] 
represents the molar rotation. As the numbers are very large, 
the hundredth part of this value is usually taken,^ so that the 

molar rotation [m] = 

The determination of the rotatory power is mostly made for one 
definite kind of light, almost without exception for the yellow light of 
the sodium flame ; the corresponding values are denoted by [a]i, and 
[mjc, the sodium line corresponding to the D line in the solar spectrum. 

The general laws governing these phenomena were first made out 
by Pasteur (1848) in an investigation of the different tartaric acids. 
In addition to ordinary dextro-rotatory tartaric acid, racemic acid 
has been known for a long time ; it has the same composition, but 
has different properties, and it does not’ rotate the plane of polarisa- 
tion. Pasteur discovered that it can be split up into two different 
acids, the one identical with ordinary dextro-tartanc acid, the other 
the same in every chemical and physical property, except that it 
IS laevo-rotatory.^ When equal amounts of the dextro- and Isevo- 
acids in solution are mixed, the resulting solution has all the 
properties of a solution of racemic acid. 

There is thus an “optically symmetrical’’ isomer of ordinary 
dextro-tartanc acid with exactly the same properties, except for 
the opposite sign of rotation, which can form with it an inactive 
compound with different properties. It follows from the inactivity 
that the two active acids are optically perfectly symmetrical, since 
otherwise they could not exactly compensate each other. This is 
confirmed by direct observation. 

Subsequent research by Pasteur and his successors on other 
substances proved this to be a general relation , all optically active 
substances occur in pairs, one dextro, the other Itevo. These can 

' If the length is given in cm. the molar rotation would be of convenient size without 
the factor 100. 

^ Crystals ol the two acids also e-rhihit “dextro” and “ Isevo forms. 



336 OUTLINES OE GENEKAL CHEMISTRY BOOK ll 

form inactive compounds, which are named racemic from the 
original case 

The chemical property which causes the optical activity must 
be connected with the symmetrical character, in order that it can 
operate in two equal and opposite ways. 

Pasteur further showed that the immediate derivatives of an 
optically active substance (such as salts of the acids) are also active ; 
as are also some of the more distant derivatives, although certain 
changes destroy the activity. This leads to the conclusion that the 
rotatory power is connected with a definite complex in these 
compounds, and this may be found by observing the appearance or 
disappearance of the activity. 

The Asymmetric Oarhon Atom — Now Le Bel and van’t Hoff 
showed almost simultaneously (1874) that all optically active 
substances which could rotate the plane of polarisation in the non- 
crystalline state contained an “asymmetric” carbon atom, i.e. one 
whose four valencies were satisfied by four atoms or radicals of 
different kinds. 

The causal connexion between optical activity and the asymmetric 
carbon atom can ho proved in two ways. 

If the asymmetric carbon atom is the cause of the activity, 
every active substance must contain one, and every substance 
containing one must be optically active. 

The first of these conclusions is very easily verified. With the 
exception of a few doubtful cases, which were soon cleared up in a 
satisfactory manner, in all known active substances the con- 
stitution either already contained an asymmetric carbon atom, 
assigned on purely chemical grounds, or it could be assumed without 
contradicting the other known facts. Trom this point of view the 
theory was eminently satisfactory. 

It did not appear to fulfil the other condition so satisfactorily, 
for very many substances were known, which were supposed on 
chemical gi-ounds to have an asymmetric carbon atom, and were, 
nevertheless, optically inactive. 

The symmetry relation discovered by Pasteur affords an 
explanation of this, and is at the same time a new postulate. It 
must be assumed in all these cases that an inactive compound with 
an asymmetric carbon atom is the racemic form, and the problem is 
to separate it into its active components. Experiments directed to 
that end have proved in very many cases the possibility of effecting 
this separation. The theory is thus confirmed in this direction. 

The methods of separation depend on two quite different cir- 
cumstances. All the compounds of symmetrical active substances 
with an inactive constituent are identical, but not those formed with 
another active constituent. Thus the salts of dextro- and leevo- 
tartaric acid have the same properties if the hydrogen is replaced 
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by meLals; if salts of optically active alkaloids are prepared, the 
salt of the deictro-acid is not only optically different from that of 
the loevo-aoid, but differs in solubility, water of crystallisation, etc, 
They can be separated by the ordinary process of fractional crystallisa- 
tion, and so the separation of the acids is effected. 

The second process depends upon the fact that at certain 
temperatures, which must be ascertained for each case, solutions 
of racemic compounds deposit separate crystals of the active 
components. Although all the physical properties of the crystals — 
such as colour, density, habit — are the same, the crystal forms are 
usually symmetrically different. While all the crystal angles are 
the same, the arrangement of certain faces is symmetrically opposite, 
the crystals being in the relation of object and mirror image, or of 
right and left hand. When crystallisation occurs in this manner, 
the two forms can be separated by picking out the dextro- and 
Isavo-crystals. 

A third process, depending upon the living activity of fungi or 
bacteria which consume one of the two forms more rapidly or ex- 
clusively, IS probably to be included under the first method, since 
living protoplasm is optically active, and must act differently towards 
the two forms in the process of assimilation. 

The Tetrahedron Hypothesis. — Van’t Hoff and Le Bel have 
propounded in very similar terms a hypothesis to demonstrate the 
connexion between rotation and the asymmetric carbon atom. It 
represents the facts in a very convenient and illustrative manner. 
They assume that the four different radicals united with a carbon 
atom are arranged around it as at the apices of a tetrahedron. So 
long as two of the radicals are the same, the four can only be 
arranged at the apices in one manner, i.e however they are arranged 
two such tetrahedra can be superposed by simple rotation. But 
when all four are different, there are two arrangements, and two 
only ; they are not superposable, and are in the relation of object 
and mirror image. If these four radicals be denoted by a, b, c, d, 
and if the tetrahedra be imagined resting with one face on the plane 
of the paper, we have the following symmetrical bub not superposable 
figures : — 
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If the two tetrahedra are so placed that the radical d is at the 
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apex, the order abc is in one case clockwise, in the other counter- 
clockwise. 

Thus the two essential features of optically active substance find 
expression: the connexion with the asymmetric carbon atom, and 
the occurrence of optically active substances in a pair of symmetrical 
forms. The hypothesis, therefore, is both appropriate and useful. 

Other cu'cumstances, some of which were previously known, 
others first looked for and found as consequences of the hypothesis, 
are also simply and clearly represented by it j it has thus iiroved a 
valuable aid to further investigation of the subject. 

The fourth form of tartaric acid affords a good example. Along 
with the tvvo active tartaric acids and racemic acid there exists a 
fourth acid of the same composition which is optically inactive like 
racemic acid, but cannot like this he split up into the dextro- and 
laivo-acids. It also possesses different chemical properties from 
racemic acid. 

To interpret this fact from the standpoint of the theory we must 
I'onieiuber that tartaric acid, corresponding to the formula 

H- 

H- 

has two peifectly similar asymmetric carbon atoms. These may be so 
constituted that the ray of light is rotated by both in the same 
sense, either clockwise or the opposite j this would be the constjtu- 
tion of dextro- or laevo-tartaric acids. But, on the other hand, there 
may be united with each other two asymmetric carbon atoms with 
opposite action on the polarised ray. Then, as the constitution of 
the two asymmetric groups is in this case symmetrical, there will be 
complete compensation within the molecule itself— the substance is 
ojitieally inactive and cannot be split up into active components. 

The pronounced constitutive character of optical rotation pre- 
cludes the possibility of extensive additive relatflons. Still additive 
characteristics may occur within narrow groups of comparable sub- 
stances, just as has been observed in the case of boiling-points. 

Investigation has shown the stale of affairs here to be very 
different. Ascending a homologous series does not cause equal 
changes of rotation, ivhieh changes in a particular manner if a long 
series is considered, it first increases in one direction, reaches a 
maximum, and then slowly decreases. This is illustrated by the 
following measurements by Frankland on the esters of glyceric acid ; 

Molttr notation 


methyl glyoorate . , - 6 76 

ethyl . . -12 31 

propyl „ . . -19-16 

n-butyl „ . . . _i7.g6 


^ ^COOH 
y<OH 

^OOOH 
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If only a small number of members iii a series are known, the 
change often appears to run in one direction; the general law here 
indicated has not been completely established in this simple form. 

The behaviour of salts in dilute aqueous solution is very simply 
explained. The constitutive property of molar rotation is purely 
additive; e.g. salts of an active acid with inactive bases have the 
same rotation. The explanation is that the properties of dilute salt 
solutions consists of the sum of the properties of the ions, because 
of the electrolytic dissociation (p, 192). 

In addition to active compounds containing the asymmetric 
carbon atom, active compounds containing asymmetric nitrogen, 
sulphur, selenium and tin are known. They all contain organic 
radicals. 

Magnetic Eotation. — group of phenomena closely related to the 
preceding is the magnetic rotation of the plane of polarisation, 
discovered by Faraday in 1846. Transparent substances brought 
into a magnetic field or into the interior of a coil of wire conducting 
an electric current, acquire the power of rotating the piano of polar- 
ised light, and retain this as long as the magnetic action lasts. The 
angle of rotation is proportional to the intensity of the magnetic 
field, to the thickness of the layer of substance through which the 
light has to pass, and is further dependent on the nature of the 
substance and the temperature. 

The investigation of this subject was first carried out from the 
physical standpoint. Perkin (1882), to whom wo owe almost all 
oui' knowledge of it, first considered the matter with reference to 
chemical composition. 

The ratio of the rotations effected in the same magnetic field by 
the substance in question and by water be calls the specific rota- 
tion, the lengths of the two columns of liquid being inversely 
proportional to tbeir densities. If u be the angle of rotation for a 
column of the length 1 of the substance whose density is d, and if 
o)q, 1q, and dg be the corresponding numbers for water at the same 

temperature, then the specific rotation r s= The molar rotation 

is the ratio of the rotations of molar quantities and is 
Moilgdg M 
^"IS-Oloiold IS'Ol’’’ 

where M is the molar weight of the substance, 18 ‘01 being that of 
water. The molar rotation of water is consequently equal to unity. 

From a comparison of the molar rotations of different substances, 
an additive character in this property was only seen in homologous 
series ; every addition of CH^ in such corresponds to an increase of 
1-023 units. This value remains the same for all series. The molar 
rotation can thus be represented by C + l-023n, where n is the 
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number of CHj-groups and C is a constant , having a special value 
for each homologous series. These constants are purely constitutive ; 
they are difterent for normal and iso-hydrocarbons, normal and iso- 
aloohols and acids. The formulae, too, only hold for such compounds 
as possess at least one methylene, CHj; for instance, the constant 
■393 of the normal fatty acids does not apply to formic acid, HOOOH 
and acetic acid, OH3.COOH, in which CHg is not contained. 

The magnetic rotation has, in virtue of these relations, repeatedly 
proved of use in determining to which of certain groups a newly 
discovered substance belongs. 

These simple relations are not found among the more complex 
compounds of the aromatic series or in other cyclic compounds. The 
constitutive influence predominates to such an extent that little 
remains of the additive foundation. In this respect the magnetic 
rotation comes in between the molar volumes and molar refractions, 
on the one hand, and the boiling-points on the other. It is more 
affected by constitutive influences than the former, and less than the 
latter property. No systematic comparison from this point of view 
has been made as yet; noteworthy contributions towards it have 
been made by Perkin (1896). 



BOOK III 

CHEMICAL THEEMODYNAMIOS 


CHArTEE X 

THERMOCnEMISTRY 

Introduction. — So far our considerations have been limited by the 
condition that the substances underwent no change in their chemical 
nature We have now to inquire into the iirocesses by which single 
substances change into others, or several interact with the production 
of new substances. In other words, chemical processes (in the 
strict sense) will now engage our attention.^ 

If we seek out the most general characteristic of natural 
processes, we find that all of them are connected with a time or space 
change in energy. No process occurs without such a change • if no 
change of energy takes place, we are not entitled to assert that any 
change has occurred at all. 

All physico-chemical processes could he defined in terms of the 
kind and extent of the energy change which accompanied it. To 
do this would not only always bo possible, it would bo exhaustive. 
For all the modes of recognition we have for the various things of 
the outer world are related to their energy, since they consist 
essentially of processes which these things give rise to, directly or 
indirectly, in our sense organs, the latter only responding to the 
accession or withdrawal of energy. Thus all we know of the outer 
world are energy relations, and it may well be described as a system 
in which different kinds of energy are arranged in a definite manner 
in time and space. 

' CliiingBa of state aie to to icgaidoJ us clieimoul proces'iea (iii tlie wiiisr sujiso). 
They were oousiderecl along with the static spceifle piopeiLies heoanae of their real 
practical importance us ohaiactoriatics of single suhatauecs Aa la well known, hoiliug- 
pomts and ti cozing-poiuta aia largely made use ot iii the recognition and detection ot 
sutstanees, espcci.ally in organic chemistry 

211 
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This point of view also includes the phenomena with which 
chemistry is more especially concerned. jNo chemical process can 
occur without some change in energy, and a chemical process is fully 
defined if the amoilnt of each kind of energy concerned is specified. 

Energy relations are not only characteristic of the states of 
matter and of changes of state, they also contain the conditions for 
the possibility and the kind of change, which can take place 
Under any given circumstances. In other words, all the known 
general and special laws of chemistry and physics can he reduced to 
one form, in which the processes governed by these laws appear as 
transformations or general relations of energy. These sciences are 
to be regarded as the science of energy or of Energetics — and the 
reduction to this form is the most general and exact which can at 
present be given to our knowledge. 

Energy occupies this unique positiou in virtue of the general 
laws of the transformation of energy, which apply in all individual 
branches, and at the same time form a connecting link between 
them. 

Energy and Matter. — ^Energy is frequently placed before matter, 
or at the least alongside of it, and the two regarded as the fundamental 
constituent of physical phenomena. The concejition of matter is too 
indofimte for it to occupy this position. At best, matter is definable 
only by the kinds of energy, which coexist within certain limits 
of space. A stone is called material, because H has weight and mass, 
Le. gravitational energy, and the power of taking up kinetic energy ; 
its other properties, such as temperature, colour, chemical composition, 
describe its behaviour as regards heat, radiant energy, and chemical 
energy. The law of the “ conservation of matter,” which is usually 
placed alongside the law of “ conservation of energy,” does not apply 
to all these properties, but only to its mass, its relative weight, and 
its elementary chemical nature, while all other properties suffer 
change as the result of chemical action. The law is to be regarded 
as a special case of a more general law of .energy. The only 
characteristic feature left is that all these kinds of energy are found 
together in the same space, and can be simultaneously moved 
together ^ This is the only fact which can be considered to be 
characteristic of a thing to which the name matter is applied , it 
cannot be claimed that this is in any way independent of our notion 
of energy. 

The question has often been raised. What then is energy ? A 
complete definition is given only by a description of its relations, and 
this is the content of all exact natural science. Taking into account 
the considerations previously disoussed (p. 18), we may say energy 
IS .work, and everything which can be obtained from work 
and can be reconverted into work. It is thus characterised 
as the recognisable differences in time and space. 
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The importance of energy for the classification of experimental 
facts, apart from its general applicability in every region of 
physical phenomena, is that a number of general laws relate to 
energy, and that these apply in the same manner to every branch, 
enabling us to place known facts in clearer perspective, and to take 
in unknown ones. The relations between chemical energy and the 
other forms of energy must be preceded by an introduction on the 
general laws of energy, or on energetics. 

The Kinds of Energy. — The kinds of energy known at the present 
time are divided into two groups, mechanical and non-mechanical. 
They are ; 

A. Mechanical — 

1. Volume energy 

2 Surface energy. 

3. Distance energy. 

4 Form energy. 

6. .Kinetic energy. 

B. Non-mechanical — 

6. Heat. 

7. Magnetic and electrical energy. 

8. Chemical energy. 

Light, or radiant energy in general, can no longer be regarded as a 
separate kind of energy, as the proof is practically complete that it 
consists of electromagnetic oscillations, similar to the oscillatory 
phenomena of sound produced by kinetic energy and volume or 
elastic energy. 

The question whether the above are the only possible forms of 
energy, has not been raised. By combining all the imaginable varia- 
tions possible in the case of so universal a thing as energy, we can 
represent the properties of other forms of energy which are 
conceivable, but are still unknown. It seems probable, from a pre- 
liminary investigation I have made, that there is a fairly large number 
of forms of energy still unknown. 

The Factors of Energy. — Intensity. — Volume energy has been 
already dealt with in connexion with the gas laws (p. 30), which are 
an expression of the behaviour of this form of energy in the most 
important cases known to us. The amount of this energy, as 
previously shown, is measured by the product of two magnitudes — 
pressure and volume. This occurrence of two factors is general ; 
all forms of energy can bo split into two factors, the product of 
which gives the numerical value of the energy. 

Each of these factors has special characters. The one is the 
expression of the presence or absence of a steady state or equilibrium 



244 


OUTLINES OF GENEKAL CHEMISTRY 


between two neighbouring spaces, in which this kind of energy 
is present In the present case pressure plays this part, two gases 
at the same jiressure have no influence on the volume of each other, 
i.e. they are in equilibrium as regards volume energy. To 
ascertain whether the gases are at the same pressure, an 
ajjparatus, which indicates the presence and the difference of pressure, 
a manometer, is applied to each of them. If the indication on the 
manometer is the same when applied to each separately, we find the 
pressure is the same when the two gases are brought into direct 
contact. Consequently, if each of two pressures is equal to a third 
pressure, they are equal to one another ; this is a rule which holds 
for all similar magnitudes, and is of great importance in spite of its 
apparently “self-evident" character (c/ p. 31). 

Values which, lilce this, define the equilibrium of any form of 
energy, are known as strengths, or intensities (Helm, 1887) ; 
every form of energy has its intensity, a knowledge of which is 
essential for estimating its behaviour under any given conditions 

The instruments for measuring intensities deserve a few words ; 
the account given of the manometer or pressure measurer can he 
ajiplied appropriately to all measurers of intensity. A manometer 
can take up volume energy, and renders visible in some way the 
amount taken up>. The manometer usually attached to steam boilers 
consists of a tube of elastic metal, which is expanded by the pressure 
exerted on its interior, until the elastic counter -pressure is in 
equilibrium with the apiflied pressure. This change of volume is 
easily read by means of a lever, which mechanically magnifies the 
small movements of the walls The manometer cannot act, unless 
its volume is actually altered by the 23ressiu'e , a perfectly rigid tube 
would be useless. But the amount of change is a matter of choice, 
and need only be very small if it is efficiently transmitted to the 
indicator. This is attained by reducing the weight and friction of 
the indicator. An instrument of this kind must always remove a 
certain amount of energy from the system whof« intensity is being 
measured; but this can he made smaller, the less energy the 
“ludicator” (iii the widest sense) requires to actuate it. Still, it 
never can be reduced to zero. 

This outline contains a general theory of instruments for measur- 
ing intensities, but it cannot be further developed here. 

Capacity. — The other factor of volume energy is the volume 
It does not obviously determine equilibrium, for any arbitrary 
volumes of gases may be in equilibrium. On the other hand, the 
transformation of volume energy into other forms depends on it, as 
it cannot take place without change of volume. Further, volumes 
are additive, and therefore quantities in the strict sense, since two 
equal volumes together give double the volume. Such quantities are 
called capacities. 
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An important property of capacitieB is expressed by the law of 
conservation which they follow/ This seems so self-evident as 
regards volume, because of our familiarity with the facts, that we 
have to remind ourselves of its existence, and cannot imagine it 
otherwise. There are, however, other capacities, with which we are 
less conversant, and the discovery of the special law regarding them 
marked a real advance. 

The law states that the sum of the capacities in a given 
system remains constant throughout any possible change. 
When it is applied to volume energy, we see that the total volume 
cannot change, or that, if the volume of any one object is made 
larger, some other (or others) must decrease in volume to the same 
extent. That this is not “ self-evident ” is at once seen if an attempt 
is made to frame a similar rule for pressure ; it will be found to fail. 
On the contrary, this property plays an important part in the 
description of the idea of space. 

The next forms of energy, surface energy, distance energy and 
form energy, give rise to very similar considerations. The intensity 
factor of the first is the tension, its cajiaoity factor is the surface , 
for the others they are distance and force, or more complex functions 
of sjpaoo. There is no need to enlarge upon their properties as their 
transformation into chemical energy practically does not enter into 
the question. 

The fifth form of raechanical energy is important in many ways, 
Its factors are mass and square of the velocity, according to the 
formula ^mv^ (p 16). The mass is the capacity, the velocity is 
the iutensity. For only when they have the same velocity (in magni- 
tude and direction), so that they remain at the same distance apart, 
are two masses unable to affect the kinetic energy of each other. 

The law of conservation of capacities here takes the form of the 
important law of the conservation of mass, which wo came across 
at the beginning of our considerations, and is here seen to be a 
special case of the general law. 

Kinetic energy may be analysed into two other factors, -^v and 
mv. The capacity is mv, and the law of conservation holds for this 
expression, known in mechanics as momentum. The form varies 
with the circumstances ; it is best known as the law of conservation 
of the centre of gravity. As chemical relations are wanting, further 
detail is unnecessary. 

Chemical Energy. — Although a description of the properties of 
the other forma of energy is relegated to the later portions of the 

1 The law of tlie conservation of capacities ia not absolute. Tlie capacity for 
heat, the entropy, undergoes, constant increase during all natuial processes, and the 
pUeuomeua of radiation alford instances in which the law of the conservation of mass 
and of motion arc infringed Tlie law is clearly a special case of a more general law, 
,]uat .as the law of the conservation of mechanical work Is a special and hmiliug c.asu of 
tlie law of the conservation of energy 
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book, a few words may be devoted here to chemical energy, In 
general the total energy changes when one substance changes into 
others; this is ascribed to a changed content of the system m 
chemical energy, so far as other kinds of energy have not entered 
or left the system. The capacity and intensity factors must be 
sought for this kind of energy. 

The capacity factor is the quantity of substance, which is 
proportional to the chemical energy, and its amount has no influeuce 
on any given chemical equilibrium. It must not be confused with 
mass or weight ; it is proportional to both, but is not identical with 
either. This is apparent from the fact that two objects may be 
equal in mass and weight, and yet differ widely in respect to chemical 
energy. The law of conservation for this chemical capacity is not 
restricted to the conservation of the mass and weight in any given 
chemical change, but includes as a further special condition, the law 
of the conservation of the elements in chemical processes already 
mentioned (p. 111). 

The capacity for chemical energy differs in one important respect 
from the others, and this difference is reflected in the intensity. 
Two masses or volumes differ only in numerical value, and are 
always positive. Two quantities of substances differ in kind as well 
as in numerical value. Consequently, while masses or volumes can 
be added or put together without limit, chemical quantities can only 
be added when they are alike in kind. Further, chemical capacities 
are subject to the relations expressed in the chemical equations 
which are founded on the laws of stoichiometry. This greater 
diversity of chemical energy adds much to the complexity of chemical 
energetics, and explains its tardy development 

New light is thrown on the question of the possibility of the 
transmutation of the elements. It cannot be said to be absolutely 
impossible, but it can be said that it is just about as probable or 
improbable as is a violation of the law of conservation of mass.^ 

The intensity factor of chemical energy has be^n named chemical 
potential, after the analogy of mechanical and electrical potential. 
It nearly coincides with what used to be vaguely called chemical 
affinity. It will be more clearly defined later. It will suffice for 
the present to state that equality of the chemical potential of the 
substances present is as essential for chemical equilibrium as is 
equality of pressure for the equilibrium of volume energy. 

The doctrine of chemical affinity comprises the transformation of 
chemical energy into the other forms of energy, and there are as 
many divisions of the subject as there are forms. ' In the present 
state of science this programme is by no means complete, and our 

^ Qnite recently Bamsoy has published expenmenta made with radium emanation, 
which point to the transmutation of the elements On the other hand, according to the 
latest developments of the electron theory, mass appears to vary with the velocity. 
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knowledge of Ike various transformations has been developed to very 
different extents 

The divisions of the subject which have been longest recognised 
are Thermochemistry and Electrochemistry; the relation 
between radiant energy in the form of light and chemical energy, 
Photochemistry, is also a special division of the science. With 
regard to the four forms of energy, the relation of which to chemical 
energy should give rise to mechanochemistry, the connexion is indeed 
recognised, but has scarcely been mentioned in this direction. If we 
consider that in all chemical processes the concentration of the 
reacting substances changes, and that this has been proved to bo 
necessary for the progress of the reaction, we recognise that volume 
energy is the form of energy which (jiartly in the form of osmotic 
volume energy, p. 171) changes place with chemical energy and 
conditions the phenomena What was metaphorically called chemical 
mechanics, merits the name in the proper sense, since the doctrine of 
chemical equilibrium is actually the doctrine of the mutual relations 
between chemical energy and mechanical, particularly volume energy. 

There still remains the relations between chemical phenomena 
and the other three forms of mechanical energy. They have been 
very little developed. It is known that the surface composition of 
solutions IS different from that of the interior ; here we have a relation 
between chemical and surface energy. Further, a few cases are 
known in which chemical processes were influenced by kinetic 
energy (the influence of centrifugal force on chemical equilibrium, 
Bredig, 1896), and a similar effect produced by gravity, a form of 
distance energy, has also been proved theoretically and experimentally. 
But these have not been developed to any extent, and they play a 
secondary part in natural phenomena and in technical processes, so 
that mechanochemistry is practically confined to the first -named 
relation to volume energy. It is only in very recent times that the 
significance of surface energy has been recognised. 

Thermochemistiy. — Chemical energy passes most easily and com- 
pletely into heat. Thermochemistry, or the branch of science 
which treats of the relations between heat and chemical energy, is 
one of the oldest branches of afiinity and is, at the present time, the 
most fully developed. 

The importance of an exact knowledge of the amounts of chemical 
energy is at once apparent, when we consider the source and stores of 
energy necessary for important technical and physiological processes. 

The sources of energy employed in the arte and manufactures 
are all of chemical origin, being referable to the combination of the 
elements of the fuel employed with the oxygen of the air. But, in 
addition to this, the vital activity of all organisms depends 
exclusively on chemical processes and the energy liberated through 
them. Chemical energy is consequently that form with which we 
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have most extensively and frequently to deal, and which has the first 
and largest place in the economy of nature. 

The history of thermochemistry begins accordingly with the 
technological and physiological problems propounded b^y Lavoisier 
and Laplace, Eumford, Dulong, Despretz, etc., who also 
attempted their solution. A theoretical foundation on one side is 
due to the first-named, who stated the principle that as much heat is 
required to decompose a compound as is hberated on its formation 
from the elements. This is a particular and very simple case of the 
general law of energy. 

The Law of Constant Heat-Summation. — ^The law for thermo- 
chemical processes Avas first enunciated in its full extent by G. H. H'ess 
(1840) as the law of constant heat-aummation. He stated that 
the initial and final stages alone determine the development of heat 
in chemical processes ; if these are specified, the development of heat 
is given, whatever may be the intermediate stages.^ 

According to our present notions a definite value of the energy 
of a system corresponds to each state it may assume, that which we 
call the “ state ” of the system being in fact fixed by the nature and^ 
quantity of the energy associated with the matter in the system. 
Two states, therefore, correspond to two quantities of energy, the 
difference of which must be conducted to or from the system if it is 
to pass from one state to the other. In how many stages this 
energy may be communicated has evudently no effect on the final 
value. But the form in ivhich it is communicated will depend on tlm 
manner of transformation. . ( 

Hess established his principle as a conclusion from experiment, 
Avith full consciousness, hoAvever, of its Avide import. He tested it in 
various Avays, performing the same chemical reaction ip. different 
Avays, and measuring the heat evolved in each process. The total 
was found to be the same however the single steps were varied. 
From bis numbers the folloAving table is selected : — 


Hj,SO^ — 

HoSO^ + HjjO 77-8 

H2S0^-t2H20 116-7 

HoSOi-t-SHjO 166-6 


-t- 2NHg (in solution'; 695-8 
„ 618 9 

„ 480-6 

446-5 


Sum. 

596-8 

696- 7 

697- 2 
601-8 


The first column of figui-es represents the quantities of heat 
liberated by the action of one mol of sulphuric acid on one, two, 
and fiAm mols of Avater; the second reiiresents the quantities of 
heat evolved on the neutralisation of these diluted acids with 
ammonia. The sum of the corresponding members of both is approxi- 
mately constant. 


' This law IS only strictly true if all the processes take place at constant intensitv of 
nfftemiSueaf wol^' “ndiUon is practically satisfied 
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The significance of this principle for the practice of thermo- 
chemistry IS very great, and was fully appreciated by Hess. It 
enables us to calculate the heat-effect of processes which cannot 
he directly determined; for we may represent them as terms of a 
sum, of which the total value and the other terms are known. W e 
cannot, for example, measure the heat given out on the combustion of 
carbon to carbon monoxide. If, however, we measure the heat 
evolved when carbon is oxidised to carbon dioxide, then this must be 
equal to the heat of combustion of carbon to monoxide plus that of 
monoxide to dioxide. The latter can also be directly ascertained, 
so that the difference of the two observed values gives the required 
heat of combustion of carbon to chrbon monoxide. 

Contemporaneously with Hess, who is to be looked upon as the 
real founder of thermochemistry, and after him, other investigators 
were busy at this subject, viz. Andrews, Graham, and especially 
Favre and Silhermann, who collected a rich store of observations. 
In clearness of ideas, however, these are all inferior to Hess. 

The results of the mechanical theory of heat, which had meantime 
been developed, were first applied to thermochemistry hy Julius 
Thomsen (1863). This chemist has up to recent times accumulated 
an enormous number of data, mostly determined with considerable 
accuracy. Berthelot in 1866 began to occupy himself with similar 
problems, more particularly in organic chemistry. It is to these two 
investigators that we-owe the greatest part of our acquaintance with 

domain of thermochemistry. A large number of very accurate 
'f^teiminations of heats of combustion has been made by F. Stohmann 
Wd W.'Cuginin, 

Thennoohemical Methods. — The calorie is the unit of heat 
hitherto ifted in thermochemistry, i.e. the quantity of heat required 
to warm ona, gram of water one degree. As already explained, this is 
not a rational unit, and ought to he replaced by the erg or a multiple 
of it. A very convenient unit for thermochemical purposes is the 
kilojoule (kj.), equ^jl to 1000 joules or 10^® ergs. It will he adopted 
in this book. To recalculate into ordinary units, according to 
Howland 1 cal. = 41,830,000 erg at 18°.‘ 

'To obtain calories from kilojoules, divide by '004183, or 
multiply by 239'1. If mean calories K = 100 cal. are wanted, the 
factor is 2 '391. 

Thermochemical Equations. — In order to formulate the facts of 
thermochemistry shortly and in a form suitable for calculation, we 
shall extend the signification of the ordinary chemical equations in 
such a way that they will represent not only the mass-relations but 
also the energy-relations, For example, when we write the equation 

1 As tile mean of all detemimabona, the valve 41,870,000 has heen recently lecom- 
mended The difference, 1 m 1000, in so sniidl that the older, well-Imowii ooeffieieiit 
41,830,000 may he letained, provisionally nt least 
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Pb + 2l = Pbl2, 

this states that lead iodide is formed from lead and iodine, 207 '1 g. 
lead and 263‘9 g. iodine giving 461‘0 g. lead iodide. If the formula 
are to represent, not the quantities of the substances but the 
quantities of energy associated with them, the equation is incomplete. 
For on the formation of lead iodide heat is liberated to the amount 
of 167 kj. ; the energy of lead iodide is less than the energy of its 
componenta by this quantity The corresponding equation for energy 
IS therefore , 

Pb + 2l=Pbl2+ 167 kj., 

and signifies that 207'1 g. lead and 263'9 g iodine together contain 
as much energy as 461’0 g. lead iodide plus 167 kj. 

The equation may be algebraically transformed, but then its 
signification is somewhat diflbrent. Thus 

Pb + 2I-Pbl2=167kj. 

means that the difi'erence of energy botv7een lead plus iodine, and 
lead iodide amounts to 167 kj. Or 

Pbl2 = Pb + 2I-167 kj. 

represents that 167 kj. must bo supplied when lead iodide is decom- 
posed into lead and iodine. 

All the equations are to be so understood that the energy of the 
substances only holds for one and the same temperature, usually the 
mean laboratory temperature of 18°. 

The amount of energy in a substance is further dependent on its 
state of aggregation. It is simplest to indicate the state by means 
of brackets.^ As liquids are moat frequently under consideration 
they will be indicated without brackets. Gases will be indicated by 
round brackets, solids by square brackets. Then the equations 

II.,O-[H2O] = 6-0kj. " 

(H,O)-HijO = 40-6 1q. 

signify that on the transformation of water into ice 6‘0 kj. are 
liberated, and on the transformation of water vapour into liquid 
water, 40‘5kj 

It may bo observed, as we have till now tacitly assumed, that 
the quantities of energy and heat refer to mols, i.e. to such quantities 
of the substances as amount to their formula-weights iii grams. 

The reacting substances are very often dissolved in a large 
quantity of water. This is denoted by adding the letters Aq (aqua) 
to the ordinary chemical symbol. Such solutions when further 
^ TI11.S suggostion was made to me by a coUengiie whose name I have forgotten. 
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diluted with water neither absorb nor evolve heat Thus the 
equations 

M. Aq + nH20 = M;. Aq 
M Aq-nH30 = M.Aq 

hold good, M being the dissolved substance. We may therefore in 
thermochemioal equations add or subtract limited quantities of water 
when the substances are in solution without introducing any appreci- 
able error. 

For instance, we have for the formation of potassium chloride in 
aqueous solution 

KOH Aq + HCl Aq = KCl(Aq + Aq + H^O) + 67'3 kj. 

Instead of this equation we always write 

KOH Aq -h HCl Aq = KOI Aq + 57-3 kj., 

as the mixing of the liberated water with the solution of potassium 
chloride has no thermal effect whatever. 

Indirect Determinations. — These energy-equations are specially 
useful in calculating thermochemical data which cannot be directly 
observed. If we return to the example given by Hess (p. 249), we 
have from direct measurement 


r0]-l-2(0) = (C0,) + 394 ki. 
(C0) + (0) = (C0;) + 284 1c]. 


Subtracting the lower from the upper equation we get 


or 


[O]-t-2(O)-(CO)-(O) = 110kj. 
[O]-(-(O) = (OO) + 110 kj., 


i.e. the heat of combination of carbon and oxygen to form carbon 
monoxide is 110 kj. 

A second somewhat more complicated example is the heat of 
formation of sulplmr trioxide, also determined by Hess. The process 
consisted in burning a mixture of lead oxide and sulphur in oxygen. 
Lead sulphate is formed with an evolution of 692 k].; we have 
therefore the equation 

[PbO] -t [S] -t 3(0) = [PbSO^] -1-692 kj. 

To eliminate the terms PbO and PbSO^, lead oxide was transformed 
into lead sulphate by solution in dilute sulphuric acid; the result 

[PbO] -H HgSO^Aq = [PbSOJ H- Aq + 97 kj. 

Subtracting, we get 

[S] -I- 3(0) -f Aq = HgSO^Aq -I- 696 kj.. 
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i.e. the formation of aquoous sulphuric acid from sulphur, oxygen, 
and water is accompanied by the evolution of 695 kj, 

Lastly, Hess dissolved sulphur trioxide in water — 

[SO 3 ] + Aq = HaSO^Aq + 172 Iq. 

Subtracting again, we have as the final and desired result — 

[S] + 3(0) = [ 803 ] + 423 kj. 

In the same way a great many other problems may be solved. 
The method is to measure any two reactions in which the initial and 
final substances take part, and then to eliminate the subsidiary bodies 
by suitable equations between them. It depends upon the skill of 
the experimenter to so choose the reactions that the measurements 
may be as exact as possible, and that the end may be attained with 
the fewest possible intermediate stages. 

Heat of Formation. — ^The heat of formation is a heat of reaction 
extremely often calculated. By this name we indicate the difference 
between the energy of a chemical compound and that of its com- 
ponent elements. The numbers are obtained from equations in which 
only the elements and the compound occur. It follows from 
[Pb] + 2[I] = [Pbl 2 ] + 167kj. 
that the heat of formation of load iodide is 167 kj 

This heat is, therefore, the loss of energy suffered by the elements 
when they unite to form the compound in question. If the quantities 
of energy, whose absolute magnitudes are quite unknown, be reckoned 
from the energy of the elements taken as zero, the equation assumes 
the form 

0 + 0 = [Pbl 2 ] + 167kj., 

if we make [Pb] = 0 and 2 [I] 0 . This can also be written 

[PbIJ= -167 1q. 

Therefore, in the energy-equations the formuls^of the compounds 
may ho replaced by their heats of formation with the signs 
changed. 

In this way we can easily calculate heats of reaction by means of 
the heats of formation. Suppose we wish to find the heat given out 
in the preparation of magnesium from magnesium chloride and 
sodium. We have 

[MgCy + 2[Na] = 2[NaCl] + [Mg] + x. 

Now the heat of formation of magnesium chloride is ’632 ki and of 
sodium chloride 408 kj. Making the substitution and putting the 
heats of formation of the elements equal to zero, we obtain 
- 632 + (2 X 0) = ( - 3 X 408) + 0 + x 
x = 184ki. 
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On account of this simple form taken by tbe equations, it is usual to 
determine the heat of formation of the various chemical compounds, 
so that the values may be used in further calculations. Heats of 
formation are consequently given by preference in the tables contained 
in the following chapters. 

Methods. — With respect now to the actual performance of 
thermochemical experiments, there are several general statements that 
may be made, in spite of the variety in the methods and apparatus 
employed by different investigators. Only a relatively small number 
of the numerous reactions known to experimental chemistry are 
suitable for thermochemical measurement, these being almost ex- 
clusively such as take place at ordinary temperatures and are at an 
end in the space of a few minutes. The chief among them are the 
phenomena of neutralisation, of solution, and of dilution. 

A second class of thermochemical processes is formed by rapid 
combustions, which, by being conducted in a completely closed vessel 
surrounded by water, are likewise amenable to convenient measure- 
ment. The majority of thermochemical experiments may be reduced 
to one or other of these forms. 

For thermoohemieal measurements in aqueous solution calorimeters 
constructed of glass or metal (platinum by preference) are used. 

If the dissolving of a solid, liquid, or gas in the liquid of the 
calorimeter is in question, the experiment is so conducted that the 
substance is brought as nearly as possible to the temperature of 
the calorimeter and the process then initiated. The uniform distri- 
bution of the heat as well as of the reacting substances is provided 
for by an eflBcient stirring apparatus. This has usually the form of a 
horizontal plate, which contains suitable openings for the passage 
of a thermometer, etc., and has an up and down motion. 

If the reaction is between two approximately equal quantities of 
liquid, the temperature of each must be accurately measured at the 
moment of mixing Thomsen in this case arranges a smaller vessel 
on the top of kis calorimeter, each vessel being provided with 
thermometer and stirrer, and after having read off the temperature 
of both, lets the liquid in the upper vessel flow through a valve in 
the bottom into the lower vessel. Berthelot introduces one of the 
liquids into his calorimeter, but then, unlike Thomsen, has the other 
in a thin-walled, wide-necked flask standing inside a protective copper 
cylinder with a silvered and polished interior. When the temperature 
has been ascertained, the thermometer serving as stirrer, the flask is 
seized by means of wooden tongs and its contents emptied into the 
calorimeter. He rejects Thomsen’s arrangement because the liquid 
in flowing through the valve may possibly experience a change of 
temperature. This objection is unfounded, however, for by tbe way 
in which Thomsen makes Ms thermometers comparable, an error of 
this nature is eliminated. In reality, Thomsen’s apparatus is the 
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more exact, wHch is most likely owing to the fact that his thermo- 
meters are read off through a telescope, while Berthelot uses the 
naked eye. 

The Oombustion Calorimeter. — The calorimeter employed for the 
combustion of solid, liquid, and gaseous substances in gases has been 
gradually evolved from the imperfect instruments of Dalton, Davy, 
and Rnmf ord, by the labours of Dulong, Despretz, and in particular 
of Favre and Silbermann. It consists of a cylinder filled with 
water into which the combustion-chamber is sunk ; a number of tubes, 
destined to supply the necessary gases, open into it, and the products 
of oombustioa are led through a long spiral metal tube or worm, in 
order that all their excess of heat may be given up to the water of 
the calorimeter. 

The apparatus has experienced but little change in the course 
of time. Thomsen makes the metallic parts of platinum, and 
Berthelot has introduced a glass combustiou-chamber, which admits 
of very convenient observation of the progress of the reaction 

Of late years compressed oxygen has been substituted for oxygon 
at ordinary pressure, which is almost entii-ely superseded The 
apparatus was elaborated by Berthelot and Vieille (1881), it 
consists of a stout-walled steel vessel, lined with platinum (or 
with enamel in the cheaper models). A screw valve admits the 
oxygen under pressure, usually of 26 atmospheres. The substance 
to be burned is suspended in a small platinum basin in the middle of 
the “bomb.” Ignition is brought about by heating a thin iron wire 
to incandescence by means of an electric current, and the white-hot 
drops of iron oxide fall upon the substance 

Solids and iion-volatile liquids are placed direct in the basin ; 
volatile liquids are enclosed in little collodion sacs. Some substances 
rich in oxygen do not undergo complete combustion under these 
conditions ; in such cases a known quantity of naphthalin is mixed 
with it, and a correction applied for its heat of combustion. 

This method has the advantages that the procees is instantaneous, 
and that combustion is complete. Most substances on combustion 
in oxygen at ordinary pressure yield some carbon monoxide as well 
as carbon dioxide, and it is difficult to a 2 iply an accurate correction 
for it. 

Work with the bomb is much facilitated by the use of commercial 
oxygen at a pressure of 100 atmospheres, as recommended by 
Stohmann. 

Another process is the combustion with coqihined oxygen 
(especially with potassium chlorate), first employed by Frankland 
(1866) and later improved and applied by Stohmann and his pupils. 
The substance is hero mixed with jiotassium chlorate and some 
indifferent material (e.ff. pumice), and made into a sort of firework, 
which is set off inside a water-calorimeter. It is no longer used. The 
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substitution of sodium peroxide for the potassium chlorate has not 
added much to the reliability of the method. 

It should be mentioned, in conclusion, that Bunsen’s ice- 
calonmeter has been in some cases used for thermochemical experi- 
ments. Although this method gives very exact results, even with 
small quantities of substance, it requires excessively skilful manipula- 
tion, and the instrument must be set up in a cold place, the' 
temperature of exj^ieriment being 0°. Working at this temperature 
IS frequently an advantage, but in certain cases decidedly detrimental. 

Measurement of the Temperature. — The measurement of tempera- 
ture 13 at once the most important and the most difficult part of a 
calorimetric determination. It is true that very sensitive thermo- 
meters can be constructed by the employment of narrow capillaries 
and somewhat large bulbs,' and as a rule we use such as are divided 
into degree, which therefore admit of the estimation of degree 
when read off ivith a telescope. The diflSculty, however, lies less m 
the want of sensibility in the thermometers than in the contmual 
heat-exchange of the calorimeter with the surrounding objects, the 
proper thermal results being more or less disturbed by this. The 
error is gi eater with a small calorimeter , with a calorimeter of 600 
com. capacity we get the minimum error, the disturbance falling 
in this case within the limits of accuracy given by the measurement 
of temperature 

To diminish the radiation as much as possible the calorimeter is 
brightly polished, and placed within a cylmder also polished in the 
interior. Berth elot surrounds this last with a large jacket of tin- 
plate filled with water; Thomsen prefers to employ cases of metal 
or cardboard, the intervening spaces merely containing am. A great 
improvement is effected by the use of vacuum mantles, ie. double- 
walled vessels pumped out to a high vacuum. Heat convection by 
means of the warmed air is reduced to zero, and very effective 
insulation is attained. 

The method pf correcting the measurements of temperature 
for radiation is due to Eegnault, and depends on the following 
considerations. The change of temperature produced in the calori- 
meter by radiation may be regarded as a linear function of the . 
temperature for the small range of temperature. If it is known for 
the two extremes of temperature, simple interpolation will give the 
effect for any intermediate temperature. 

The thermometer is read at regular intervals (about 20 seconds) 
at the commencement of the experiment This gives the change at 
the lowest temperature, if heat is evolved during the reaction. The 
reaction is then started atone of these intervals, and the thermometer 
is read in the same manner, until the temperature change is again 
proportional to the time. The reaction is then at an end, and the 
change at very nearly the highest temperature is also known. By 
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adding on the proportional losses for the intermediate temperatures 
during the reaction, we can calculate the final temperature which 
would have been attained if no loss of heat by radiation had occurred. 

This is the general principle of the method ; for details the works 
on thermochemistry or the larger text-books of physics must be 
consulted. 

Calculation. — The number of heat-umts developed in a thermo- 
chemical reaction is obtained by multiplying the thermal capacity 
of the calorimeter by the (corrected) change of temperatoe. To get 
the result in the units given above (p. 249), this number has still to 
be multiplied by the ratio of the substance used to its formula-weight, 
both being expressed in grams. 

With regard to the thermal capacity of the calorimeter, the 
water-equivalent of the vessel, the stin-er, the thermometer, and all 
the other parts of the apparatus that suffer the change of temperature 
must bo determined or calculated by multiplying the weights by 
the specific heats. If the liquid employed is not water, its specific 
heat must also be known. As the specific heat of a solution is not 
deducible from the specific heats of the dissolved substance and the 
solvent, special determinations would in almost all cases have to 
bo made. Thermochemists have hitherto sought to elude the not 
inconsiderable complication hero involved by making certain assump- 
tions, which without a knowledge of the numbers in question lead 
to fairly accurate calculations Thomsen puts the thermal capacity 
of his solutions equal to that of the water contained in them. This 
assumption, tested in detail by Thomsen himself, is only very 
seldom quite accurate; but the errors are sometimes positive, 
sometimes negative, and in all cases very small for dilute solutions, 
which are nearly always here in question. 

All idea of the admissibility of such a procedure may he obtained 
by calculating the difference between the thermal capacity of aqueous 
solutions and that of the water contained in them. It will be found 
that the difference usually does not amount to qne per cent — only 
in extreme cases is it greater. The accuracy of calorimetric exj^ieri- 
ments varies a good deal, but it is often greater than this, so that 
it cannot be denied that the resufts are somewhat impaired by 
the above mode of calculation. 

In the units employed m the calculations which follow, the 
thermal capacity of 1 g. of water is -004183 kj. 

To find the observed thermal effect we have the formula 
Q = (tc - ta)a -I- (to - t],)(b -I p), ^ 

where t,i is the temperature of the substance outside the calorimeter 
proper, tb of that within the calorimeter, and to the corrected final 
temperature after the reaction, a is the calorimetric equivalent of 
the first substance, b that of tho second {i.e. in the mixture-calorimeter 



THEEHOCHEMISTEY 


257 


the quantities of water in the solutions employed). Lastly, p is the 
water-equivalent of the calorimeter. 

Thus, for example, the heat of neutralisation of hydrochloric acid 
with soda was found by Thomsen to be 67‘5 kj., by mixing ^ 
formula-weight or ^ equivalent of each of two solutions having the 
composition Na^O + 2 OOH 2 O and HgClg -i 200 Hj,0, with one another. 
The solution in the calorimeter had a temperature of 18°'610; the 
solution in the upper vessel was at 18°-222 ; after mixing the 
corrected temperature was 22°T69. The solutions had consequently 
experienced a rise of temperature of 3° 559 and 3°‘947 respectively. 
Multiplying these by the factor 004183 and the weight of water, 
460 g ( = ^ X 2 OOH 2 O), 13 g being added to the first solution as 
the water-equivalent of the calorimeter, wo obtain 6’90 + 7’47= 14'37 
k]., so that multiplying this value by 4, as only equivalent was 
used, we get 5 7 ‘48 kj. as the heat of neutralisation of one equivalent 
of soda by one equivalent of hydrochloric acid, or 

NaOH Aq + HCl Aq = NaOl Aq -t 67‘0 kj. 

Eerthelot diverges from Thomsen’s method, inasmuch as he 
does not determine the thermal capacity of his solutions according 
to the weight of water, but according to the total volume. Ho 
consequently does not use solutions of the composition indicated 
by certain ratios of the formula-weights, but such as are employed 
in volumetric analysis, a mol of the substance being contained in 
a litre, or in a multiple or sub-multiple of a litre The approxima- 
tion to the truth obtained by this mode of reckoning is in some 
cases greater than that got from the method practised by Thomsen ; 
in other cases, however, it is just the reverse. On the whole, 
Berthelot’s method is more convenient in practice. 

The Influence of Temperature. — The effect of temperature on 
the numerical values obtained is an important question in thermo- 
chemistry As a rule, the differences of energy vary in amount 
with the temperature, the reason being that the thermal capacity 
of the initial substances is not the same as that of the final products 
If the former is the greater, more heat is required to warm them up 
than to warm up the products, and the evolution of heat will increase 
with rise of temperature. If the products have a greater thermal 
capacity than the initial substances, the converse holds. 

According to the law of Neumann and Kopp (p. 208) the 
thermal capacity of compounds is independent of their nature and is 
equal to the sum of the thermal capacities of the components, so that 
the initial and final substances should have the same capacity. If 
this were so, the evolution of heat would be independent of the 
temperature. But the law holds for solids only, and even then 
only approximately ; if a change of slate occurs, or if a liquid takes 
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jiart in the reaction, the law loses its validity, and the thermal effect 
varies with the temperature 

To express this in a formula, let Qj be the thermal effect at the 
temperature t^, and Qj at t^; and the thermal capacities of the 
initial substance and of the final products, K and respectively. 
According to the First Law the difference of energy must be the 
same in whatever way the reaction is carried out. We allow it 
to take place at tj, and obtain the thermal effect Q^. We then 
warm the initial substances from tj to tg, the amount of heat taken 
up being K (tj - tj^). The reaction then takes place at tg and yields 
Qg. The products are cooled to tj, the evolution of heat amounting 
to (tg - tj). The sum must be equal to since the initial and 
final states are the same. We have, therefore, as the desired formula 

Qg=Q,+ (K-Ki)(tg-tj). 

It was first established by Kirchhoff. 

Thermochemistry of the Non-metals — As a knowledge of the 
changes of energy occurring during chemical processes is of importance 
111 many soiontific and technical questions, a large number of data 
has been accumulated to an extent unequalled in any other branch 
of general chemistry. Notwithstanding this, the discovery of general 
laws has not kept up witli the quantity of material. With the 
exception of the half-quantitative relation, already mentioned, that 
the amount of heat evolved during reactions in which analogous 
substances take part, is a periodic function of the atomic weight 
of the elements concerned, there is hardly a single thermochemical 
law of any extent. 

This 13 because the differences of energy which occur during 
chemic.al reactions have not the character of natural constants, 
bub depend to very different extents on the temperature. The 
thermal effects determined at an average temperature of 18° are, 
thorefoie, in a manner accidental values, and a different view would 
he obtained by selecting some other temperature. For this reason, 
the numerical relations, which have been supposed by various 
investigators to exist, not only have no claim to strict accuracy, 
but must be regarded in most cases as accidental, at least unless 
the effect of temperature in that particular ease has been fully 
established 

Only in organic chemistry, where the great similarity of 
homologous substances is reflected in their energy relations, and 
in the phenomena of salt formation have more comprehensive 
regularities been discovered ; these will be referred* to in the proper 
place. For the rest, little more can be given in the following pages 
than a collection of heats of formation, the substances being in the 
state of aggregation which they assume at 18“ and atmospheric 
pressure. From these we can deduce by easy calculations the 
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tbermal changes accompanying the most diverse reactions (p. 252), 
so that the tables given represent very nearly all the Iraoivn data 
of thermochemistry.'^ 

§1. Oxygen. Heat of Fomiatiou. 

1 Ozone O3 - 140 Icj. (approx). 

The formation of ozone from ordinary oxygen is accompanied by 

considerable absorption of heat. 

§ 2. Hydrogen. 

1. Water HjO 286 k]. (liquid). 

Latent heat of fusion - 6 ‘0 kj , heat of vaporisation at 100° 
- 40‘6 kj. 

2 Hydrogen peroxide 190 kj 

The heat of formation of the peroxide ia less than that of water , 
consequently the foilner passes into the latter and free oxygen, with 
an evolution of 96 kj. 

§ 3. Chlorine. 

1. Chlorine. The heat of vaporisation at - 22” is - 10 kj. for a 


combining weight. 

2. Hydrogen chloride HCI 92 kj. 

Heat of vaporisation at the boiling-point - 15 Iq. 

Water absorbs the gas with evolution of 72 kj.; the heat of 
formation in solution is 164 kj. 

3. Hypoohlorous acid CI.2O - 75 kj. 

HClO.Aq 125 „ 

The heat solution of the anhydride is 39 kj. 

4. Chloric acid HOlOgjAq 100 kj. 

5. Perchloric acid HC10^,Aq 164 „ 


The anhydrous acid dissolves in water with evolution of 85 kj ; 
its heat of formation is therefore 79 kj 
§ 4. Bromine. 

1. Bromine. The heat of fusion is - 5'4 kj., and the heat of vapori- 
sation at the boiling-point 63°, - 14 7 kj. 

2. Hydrogen bromide HBr 50 kj. 

The bromine is here taken as gas. For liquid bromine the heat 
of formation is 35'2 kj. Water absorbs hydrogen bromide with 
evolution of 84 k]. Heat of' vaporisation is - 17 kj 

3. Hypobromoiis acid HBrO,Aq 123 kj. 

1 Fo]' all details the reader Preferred to the author’s Lehihuai der alliionuinm 
Ohemie, vol. ii , Leipzig, JSiigelmaiiu. 
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Heat ot Eoimation. 

4. Bromic acid HBrOg.Aq 67 Iq. 

In Both cases the bromine is taken in the gaseous state. 

6 , Bromine chloride BrOl 3 kj, 

§ 6. Iodine. 

1 . Iodine. Heat of fusion, - 6'3 kj.; heat of vaporisation. - 12'8 kj. 
Boltzmann has calculated the heat of dissociation of into 2 I and 
found it to he - 119 k]. 

2. Hydrogen iodide HI -25'6ki. 

The formation of hydrogen iodide from hydrogen and solid iodine 
is accompanied by absorption of heat Gaseous iodine would com-, 
bine with hydrogen with almost no thermal eifect. The gas dissolves 
in water with evolution of 80 kj., so that the heat of formation of 
hydriodic acid, HI,Aq, is 55 kj. Heat of vaporisation at the boiling- 
point - 79 kj 

3. Iodic acid HIOj, 243 kj. 

inOj,Aq 234 „ 

The acid dissolves iii water with absorption of 9 2 kj. For the 
anhydride we have the heat of formation — 

I^Og • 188 Iq 

4. Periodic acid HIO,j,Aq 199 „ 

The heat of solution of the crystallised acid, HIO 4 . 2 H 2 O, is only 
-6 k] 

5. Iodine monochloride ICl 24 kj. 

It occurs in two forms, the heat of fusion is - 11'2 kj for the u 
form and - 9 ‘5 kj. for jS 

6 . Iodine trichloride I01_., , 90 kj. 

7. Iodine bromide IBr 11 ,, 

8 6 Pluorine. 

1 Hydrofluoric acid HF 162 „ 

Heat of vaporisation - 38’6 kj ; heat of solution 51 Iq,, therefore 
heat of formation in aqueous solution is 213 kj. 

§ 7 Sulphm-. 

1 , Sulphur. Heat of fusion, - 1’39 kj. The various modifications 
exhibit difibrences of energy of from 2 to 4 kj ; the monoclinic 
variety contains 1 71 Iq more than rhombic. 

2 . Hydrogen sulphide HjS 


ITS kj. 
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The heat of solution in water is 19 kj.j heat of vaporisation at 
the boiling-point - 19‘6 kj. 


Huat of Foimatiou. 


3 Sulphurous acid SOg • 297 kj 

This number is fpr the rhombic modification of sulphur stable at the 
ordinary temperature. The dioxide dissolves in water with evolution 
of 32 kp, so that the heat of formation of the aqueous acid from 
hydrogen, oxygen, and sulphur is 615 k]. Heat of vaporisation 
- 26'8 kj, 


i. Sulphuric acid HgSO^ 807 k] 

H2SO*,Aq 882 „ 

SO3 432 „ 

S03,Aq 696 „ 


The heat of solution of sulphuric acid in water is 75 kj., that of the 
anhydride 164 kj. The heat of fusion of the solid acid is - 9 '6 kj ; 
the heat of vaporisation of the liquid at the boiling-point (326°) is 


- 54'0 kj. 

6. Thiosulphuric acid 

HgS303,Aq 

578 

6. Dithionic acid 

S20„,Aq 

H2S“03,Aq 

292 

1170 

7. Trithionic acid 

HgSgOQjAq 

883 

1142 


SsOo,Aq 

H„S,0„,Aq 

866 

8 Tetrathionic acid 

1093 

9. Pentathionic acid 

Sj 03 ,Aq 

H2S303,Aq 

807 

1152 

10. Persulphuric acid 

S303,Aq 

H2Sg03,Aq 

766 

1369 

11. Sulphur monochloride 


1073 

60 


Heat of vaporisation - 27'8 k]. 

12. Sulphur monobromide SgEr^ 4'4 „ 

13. Sulphuryl chloride SOgClg 371 „ 

14. Thionyl chloride SOClg 197 „ 

Heat of vaporisation - 27'6 kj 

16. Pyrosulphuryl chloride S.2O5CI2 806 „ 

Heat of vaporisation - 31 8 kj. 


g 8. Selenium. 

1. Hydrogen selenide H^Se - 106 kj. Heat of solu- 

tion 39 kj. 

SeOg 
SeOg.Aq 


2, Selenious acid 


239 
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Heat of Fo 

nmliou. 

3. Selenio aoid 

SeOa,Aq 

321 



H2SeO^,Aq 

607 


4. Selenium monoehloi 

ide SeaOl., 

93 

, 

6. Selenium tetrachloi 

ide SeOl^ 

193 


§ 9. Tellurium. 




1. Tollurous acid 

TeOgjAq 

323 

„ Heat of 




solution 0 


HjTeOgjAq 

609 


2 Telluric acid 

Te03,Aq 

412 



H2Te04,Aq 

699 


3. Tellurium tetra- 




chloride 

TeGl^ 

324 

„ 

§ 10. Nitrogen 




1. Ammonia 

NHg 

50 



NH„Aq 

85 

„ 

Heat of v.aponsation at 11° is - 2T1 kj , 

heat of 

'usion at - 75° 

is - 7-7 kj. 




2. Nitrous oxide 

N.,0 

- 76 kj. 

3. Nitrous acid 

HN02,Aq 

129 


Nitrogen trioxide 

N2O3 

-90 


4. Nitric acid 

HN03,Aq 

205 



NjO^Aq 

2 X 62 



HNO3 

174 

, Heat of solu- 




tion 30 kj 

Heat of vaporisation - 

21 kj. 




N2O5 

50 

, Heat of solu- 




tion 70 kj. 

The heat of fusion of nitrogen pentoxide 

is - 36 1 

j., the heat of 

vaporisation - 20 kj. The 

sum of these two equals 

the heat of 

formation of the solid pentoxide, so that the heat of fo 

rmation of the 

gaseous 2ientoxide is almost nil, - 5 kj. 



6. Nitrogen jieroxide 





N2O4 

- 11 

cj. Heat of 




fu.sion 




- 13 kj. 


NO, 

-32 


The heat of dissociation of N^O^ into 2NO 

2 is - 54 


6 Nitric oxide 

NO 

-90 


7 Hydroxylamine 

NH30,Aq 

102 


8. Hydraziii 

N2H3O 

269 



NJT^Aq 

9 



N3H30,Aq 

277 
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§ 11. Phosphorus. 

1 Phosphorus The transformation of yellow phosphorus into 
red is accompanied by evolution of 111 kj 

Heat ot Formatinn 

2. Pho.sphoric acid HgPO^ 1267 kj. 

HgPO^Aq 1278 „ 

P.Pg,Aq 2 X 849 „ 

Pyrophosphorie acid 2246 kj. Heatof solu- 

tion 30 kj. 

Metaphosphonc acid HPOg 989 „ Heat of solu. 

tion 43 kj 

3. Phosphorous acid UsPOs ^32 „ 

HgP03,Aq 961 „ 

PjOg^q 2 X 523 „ 

4. Hypophosphorous acid HgPOg 586 „ 

HgP0.2,Aq 586 „ 

PgO.Aq 2 X 166 „ 

6. Hydrogen phosphide PHg 18 „ Heat of 

vaporisation 

- 17'2 k] 

6. Phosphoniiim bromide PHjBr 146 „ 

7. Phosphoniiim iodide PH4I 93 „ 

8. Phosphorus trichloride PCI, 316 „ Heatof 

vaporisation 

- 28-9 k]. 

9. Phosphorus pentacliloride PCI, 448 „ 

10. Phosphorus oxychloride POCl, 608 „ 

11. Phosphorus tribromide PBr, 187 „ 

12. Phosphorus pentabromido PBr, 247 „ 

13. Phosphorus oxybromide POBr, 442 „ 

14. Phosphorus loclido PI, 41 „ 

15. Phosphorus tri-iodide PI, 46 „ 

§ 12. Arsenic. 

1. Arsenic acid AsgO, 918 „ Pleat of solu- 

tion 26 kj. 

As,06,Aq 2 X 471 „ 

H,As04.Aq 901 „ 

2. Arsenious acid As^O, 647 „ Heat of solu- 

tion - 32 kj. 

AsO^Aq 450 „ 

3. Hydrogen arsenide AsH, - 186 „ 

4. Arsenic trichloride AsCl, 299 „ Heat of 

vaporisation 
- 35 kj. 
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Heat of Foimatioii 


5. Arsenic tribromido 

AsBfg 

188 kj 


6 . Arsenic tri-iodide 

Asig 

63 „ 


§ 13. Antimony. 

1. Aiitiniony trichloride 

SbOlg 

382 „ 

Heat of 

2. Antimony pentachloride 

SbClg 

439 „ 

fusion 
- 12-6 kj 

3. Antimony oxychloride 

SboOgCl, 

763 „ 


4. Antimony trioxide 

SbgOg 

697 „ 


6 . Aiitiinony pentoxide 

SbgOg ■ 

967 „ (hydrated 

6 . Antimony tribromide 

SbBi-g 

276 „ 

oxide) 

7. Antimony tri-iodide 

Sbig 

104 „ 


8 . Antimony trisulphide 

SboSa 

146 „ 


§ 14. Boron. 

1 . Boron trichloride 

BClg 

435 „ 


2. Boron trioxide 

BA 

1326 „ 


Boron trisulplude 

B., 03 ,Aq 

BA 

1401 „ 
346 „ 



The numbers are for amoi'iihous boron and are not very trust- 
worthy. , 


§ 15. Carbon. 

The different modifications of carbon — diamond, graphite, and 
amorphous carbon — contain different amounts of energy The 
greatest is possessed by charcoal, — graphite has about 10 kj. less. 
Charcoal therefore evolves 10 kj. more on combustion than graphite. 

Berthelot and P etit found the heat of combustion of diamond to 
be 394 k]. , it contains 12 kj. less energy than amorphous carbon. 

1. Carbon dioxide CO, 406 kj. (from amor- 

phous carbon) 

Heat of solution 26 k]. 

2 . Carbon monoxide CO 122 „ 

It is somewhat surprising that tho first oxygen atom that 
combines with the carbon evolves much less heat than the second, 
the numbers being 122 and 284. It has bean suggested that the 
two heats of combination are really equal, and that the difi'crence of 
162 k]. only serves to transform solid carbon into the gaseous state. 


3. Methane 

CH, 

91 kj. 

4. Carhonyl chloride 

COCI 2 

231 „ 

6 . Carbon tetrachloride 

CCI 4 

87 „ 

6 . Carbonyl sulphide 

COS 

156 „ 

7. Carbon disulphide 

OS, 

-82 „ 
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The heat of formation of carbon disulphide is negative, i.e. 
carbon burns m sulphur with absorption of heat. The figures refer 
to amorphous carbon. 

Heat of Foi mation, 


8 . Cyanogen 

9. Hydrocyanic acid 

10. Cyanic acid 

11 . O.yanamide 
§ 16 Silicon. 


CgNj - 27D kj. 
HCH - 116 „ 
HCHO.Aq 165 „ 
NH^CN -36„ 


Crystalline silicon contains 38 kj. more energy than amorphous 
silicon. The heat of formation of all the silicon compounds is still 
very uncertain, so that the values found need not be given here. 

Thermochemistry of the Metals — As in the previous section, the 
heats of formation of the most important compounds are brought 
together in the following tables. The few general regularities 
deduced from these numbers will be dealt with in the succeeding 
section on salt formation , for the rest, the tables need no explanation, 
The heat of formation does not include the heat of hydration in the 


cases in 

which the salt has water of 

crystallisation 


§ 1 

Potassium 


Heat of 
Formation. 

Heat of 
Solution 

1. Potassium 

hydroxide 

KOH 

432 k]. 




KOH,Aq 

487 „ 





K 20 ,Aq 

2 X 344 „ 


2. 


chloride 

KCl 

436 „ 

- ISkj 

3. 


chlorate 

KCIO 3 

401 „ 

-31 „ 

4. 


perchlorate 

KClOi 

470 „ 

- 42 „ 

6 . 


bromide 

KBr 

398 „ 

-21 „ 

G 


bromate 

KBrO„ 

352 „ 

-41 „ 

7. 


iodide 

HI 

336 „ 

-21 „ 

8 . 


iodate 

KIO 3 

621 „ 

-28 „ 

9. 


fluoride 

KF 

463 „ 

- 16 „ 

10. 


cyanide 

KGN 

136 „ 

- 12 „ 

11. 


thiocyanate 

KSCN 

367 „ 

-25 „ 

12. 


sulphide 

K^S 

423 „ 

42 „ 

13. 


hydrogen sulphide 

KHS 

261 „ 

3 ,, 

14. 


sulphite 


1161 „ 

6 » 

15 


pyrosulphito 

K'oSaOg 

1555 „ 

-47 „ 

16. 


sulphate 

K^SO, 

1442 ,. 

-27 „ 

17. 


hydrogen sulphate 

KHSOi 

1161 „ 

- 16 „ 

18. 


pyrosulphate 

KoSgOj 

1303 „ 

-16 „ 

19. 


persulphate 

ICSgOg 

1900 „ 

- 61 „ 

20 . 


thiosulphate 


1161 „ 

-21 „ 

21 . 


nitrate 

KNO3 

600 „ 

-36 „ 

22 . 


carbonate 

KjCOg 

1165 „ 

27 „ 

23 

1 

hydrogen carbonate 

KHCOg 

974 „ 

- 22 ., 
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§ 2. Sodmm. Heat ot 

Foi niatioii . Solution . 


1. Sodinm hydroxide 

NaOH 

Foimatioii. 

426 Icj. 

Soliitio 

„ monoxide 

NaOH.Aq 

Na,0 

468 „ 
419 „ 

230 k 

2. „ peroxide 

Na„0„ 

603 „ 


3. „ chloride 

NaCl 

408 „ 

- 5 

4 „ hypochlorite 

Na001,Aq 

349 „ 


5. „ chlorate 

naClOg 

363 „ 

-23 , 

6. „ perchlorate 

NaClO^ 

420 „ 

- 16 , 

7 „ bromide 

KaBr 

359 „ 

- 1 

8, „ iodide 

Nal 

289 

6 , 

9. „ fluoride 

NaP 

430 „ 


10 „ cyanide 

NaON 

96 „ 

-2 ’ 

11. „ sulphide 

NajS 

364 „ 

63 

12, „ hydrogen sulphide 

• NaHS 

226 „ 

18 , 

13, „ thiosulphate 

NaAOo.Saq 

1109 „ 

- 48 , 

1 4. „ sulphite 

Na;s6„ 

1123 „ 

- 10 , 

15. „ sulphate 

Na,;SO^ 

1375 „ 

1 , 

IG. „ hydrogen sulphate 

NaHSO^ 

1120 „ 

~ 5 , 

17 „ nitrate 

NaNOg 

466 „ 

- 21 , 

18 „ phosphate 

NagHPO^ 

1731 „ 

23 , 

19 „ caihonate 

Na,COg 

1140 „ 

23 , 

20. „ hydrogen carbonate 

NaHCOg ' 

962 „ 

-18, 

21. „ borate 


3125 „ 

-44 ,, 

§ 3 Ammonium 

1. Ammonium chloride 

NH.Cl 

317 „ 

- 17 „ 

2. „ bromide 

NH^Br 

274 „ 

- 18 „ 

3 „ iodide 

NH,I 

206 ,, 

- 16 „ 

4. „ hydrosulphide 

NHJiS 

164 „ 


5. „ sulphate 

(NI-I,)gSO, 

1181 „ 

- 11 „ 

G. „ nitrate 

NH^NO, 

368 „ 

-26 „ 

7 „ nitrite 

NH,NOj 

272 „ 

-20 „ 

§ 4. Lithium. 

1. Lithium hydroxide 

LiOH 

466 „ 

24 „ 

2. „ chloride 

LiCl 

392 „ 

36 „ 

3. „ sulphate 

LvSO, 

1398 „ 

25 „ 

4. „ nitrate 

LiNOg 

467 „ 

1 „ 

§ 6 Barium. 

1. Barium hydroxide 

Ea(OH), 

913 „ 

51 „ 

2. „ monoxide 

BaO 

633 „ 

144 „ 

3. „ dioxide 

BaOg 

606 „ 

4 „ chloride 

BaCIa 

829 „ 

9 „ 

6. „ chlorate 

Ba(C10g)g 

734 „ 

-28 „ 
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Heat of Heat of 

Formation Solutiou. 


6 

Barium bromide 

EaBi-g 

72S Lj. 

21kl' 

7. 

„ sulphide 

BaS 

424 „ 

8. 

„ sulphate 

BaSO^ 

428 „ 


9. 

„ nitrite 

Ba(NOj)2 

762 „ 

-24„ 

10. 

„ nitrate 

Ba(N 03 ), 

960 „ 

-39 „ 

11. 

„ carbonate 

BaCOs 

1200 „ 


1 

§ 6. Strontium. 
Strontium hydroxide 

Sr(OH)„ 

897 „ 

49 „ 

2. 

„ oxide 

SrO 

537 „ 

123 „ 

3 

j, chloride 

SrCl^ 

772 „ 

46 „ 

4. 

„ bromide 

SrBi’g 

659 „ 

67 „ 

6. 

„ iodide 

Srl^ 

470 „ 

86 „ 

6. 

„ sulphide 

SrS 

408 „ 


7 

„ sulphate 

SfSO^ 

Sv(NO,), 

1384 „ 


8. 

„ nitrate 

919 „ 

-19 „ 

9. 

„ carbonate 

SrCOg 

1176 „ 


1 

§ 7 Calcium. 

Calcium hydroxide 

Oa(OH)2 

968 „ 

13 „ 

2 

„ oxide 

CaO 

611 „ 

Hydration, 

65ki. 

3. 

„ chloride 

GaGl, 

760 „ 

Heat of 
Solution 

73 kj. 

4. 

„ bromide 

CaBi'j 

648 „ 

10 ,, 

6. 

„ iodide 

Cal^ 

610 „ 

116 „ 

6. 

„ fluoride 

CaFj 

455 „ 


7. 

„ sulphide 

CaS 

436 „ 


8 

„ sulphate 

CaSO^ 

Ca(NO„)., 

1389 „ 

20 „ 

9. 

„ nitrate 

908 „ 

17 „ 

10. 

„ carbonate 

CaCOg “ 

1192 „ 


11. 

„ carbide 

CaCg 

-30 „ 


§ 8. Magnesium. 

1. Magnesium hydroxide 

Mg(OH)., 

909 „ 


2. 

„ oxide 

MgO 

602 „ 


3. 

„ chloride 

MgOlj 

632 „ 

150 „ 

4 

„ bromide 

MgBr„ 

510 „ 

181 „ 

5. 

„ iodide 


356 „ 

208 „ 

' 6. 

„ sulphide 

MgS 

324 „ 


7. 

„ sulphate 

MgSO, 

1266 „ 

86 „ 

8. 

„ nitrate 

Mg(N 03 ) 3 .Caq 

881 „ 

- 18 „ 

9. 

10. 

„ ammonium 

' „ carbonate 

phosphate 

MgNH^PO^ 

MgCOg 

3760 „ 
1115 „ 




OUTLINES OE OENERAL CHEMISTRY 


:i68 


§ 9. Aluminiiun, 


Haat of 
Formation 

Heat oi 
Solution. 

1. Aluininimn hydroxide 

A1(0H)3 

1242 Id. 

2. „ oxide 


1590 „ 


3. „ chloride 

674 „ 

321ki. 

i. „ bromide 

AlBig 

602 „ 

375 „ 

5. „ iodide 

AEs 

296 „ 

327 „ 

6. „ fluoride 

AIF3 

1040 „ 


7. „ sulphide 

Al^Sg 

612 „ 


§ 10. Manganese. 

1. Manganous hydroxide 

Mn(OH).3 

683 „ 


2. „ oxide 

3. Manganese dioxide 

MnO 

380.,, 


MnOg 

626 „ 


4. Manganous chloride 

MnCla 

469 „ 

67 „ 

6. „ sulphide 

MiiS.aq 

186 „ 

(hydrated 

sulphide) 

6. „ sulphate 

MnSO^ 

1046 „ 

68 kj. 

7, „ carbonate 

8. Potassium permanganate 

MnCOg 

882 „ 

KMiiO^ 

816 „ 

-44 „ 

§ 11. Iron 

1 Ferrous hydroxide 

Fe(OH)„ 

671 „ 


2. „ oxide 

3 Ferric hydroxide 

FeO 

270 „ 


Fe(OH)3 

‘ 1910 „ 


4. „ oxide 

6. Ferrosoferric oxide 

^6303 

818 „ 


Fe,0^ 

1107 „ 


6. Ferrous chloride 

FeCJl^ 

343 „ 

76 „ 

7. Ferric „ 

FeClj 

402 „ 

133 „ 

8. Ferrous biomide 

FeBi'jiAq 

338 „ 


9. Ferric „ 

PeBr„Aq 

405 „ 


10. Ferrous iodide 

Fol^iq 

194 „ 


11. „ sulphide 

FeS.aq 

100 „ 

(hydrated 

sulphide) 

12. „ siiljihate 

13. Ferric sulphate 

FeS03,Aq 

986 „ 

Fe,(SO,i)3,Aq 

2660 „ 


14. Potassium ferrocyanide 

K^Fe(CN)3 

576 „ 

-oOkj. 

1 5. „ ferricyanide 

K3Fe(CN)„ 

244 „ 

- 60 „ 


Carbon is taken np by iron (in cast iron) with absorption of heat, 
silicon with evolution of heat. 


§12 Oobalt 


1. 

Oobaltous hydroxide 

Co(OH)„ 

561 k 

2. 

„ oxide 

CoO 

153 „ 

3. 

„ chloride 

CoCl, 

320 „ 

4. 

„ sulphide 

CoS.aq 

82 „ 

6. 

„ sulphate 

CoS03,Aq 

965 „ 
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§ 

13. Nickel. 


Heat of 
Formation. 

Heat of 
Solution 

1. Nickel hydroxide 

Ni(OH)„ 

640 kj. 


2. 

„ oxide 

NiO 

260 „ 


3. 

„ chloride 

NiOlo 

312 „ 

80 kj. 

4. 

„ sulphide 

NiS aq 

73 „ 

5. 

8 

„ sulphate 

14. Zinc. 

NiSO„Aq 

960 „ 


1. Z 

nc oxide 

ZnO 

369 „ 


2. 

hydroxide 

Zn(OH), 

632 „ 


3. 

chloride 

ZnCl^ 

407 „ 

66 „ 

4. 

bromide 

ZnBr,, 

318 „ 

63 „ 

6. 

iodide 

Znl, 

206 „ 

47 „ 

6. 

sulphide 

ZnS.aq 

166 „ 


7. 

sulphate 

ZnSO^ 

962 „ 

77 „ 

8. 

nitrate 

1 5 Oadmium, 

Zn(N 03 )„Aq 

664 „ 


1. Cadmium hydroxide 

Cd(OH)2 

661 „ 


2. 

„ chloride 

CdClj 

390 „ 

13 „ 

3. 

„ bromide 

CdBr, 

315 „ 

2 „ 

4. 

„ iodide 

Cdlj'' 

204 „ 

-4 » 


The halogen coi^pounds of cadmium do not obey the law of 
thormoneutrality ; the heats of neutralisation for two equivalents of 
hydrochloric, hydrobromic, and hydriodic acid are respectively 85; 
90, and 101 kj., instead of being equal, as is the case with most of 
the corresponding salts. The cause is the small degree of ionisation 
of these salts, the iodide being the least ionised. 


6 . Oadmium sulphide 

CdS.aq 

126 kj. 


6 . 

sulphate 

CdSO^ 

936 „ 

45 Iq. 

7. 

, nitrate 

Cd(N 03 ) 3 ,Aq 

486 „ 


8 . „ 

, carbonate 

CdCOj 

761 „ 


§ 16. 

Copper. 




1 . Oupr: 

ic oxide 

CuO 

166 „ 


2 Cupr 

ous „ 

CugO 

171 „ 


3. Oupr 

ic chloride 

OuOla 

216 „ 

46 „ 

4. Cupr 

ous „ 

OU 3 CI 3 

276 „ 


6 . Oupr 

ic bromide 

CuBrj 

137 „ 

36 „ 

6 . Cupr 

ous „ 

CugBr^ 

209 ., 


7. 

iodide 

CU 3 I 3 

136 „ 


8 . 

sulphide 

OU 3 S 

76 „ 


9. Cupr 

io sulphide 

CuS 

42 „ 


10 . „ 

sulphate 

CuSO^ 

764 „ 

66 „ 

11 

nitrate 

Gu(N 03 )a,Aq 

344 „ 
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17. Mercuiy. 


By choosing an unsuitahle method, Thomsen obtained for the 
heat of formation of the mercury comiiounds values which were affected 
by a considerable error. Nernst (1888) has made more accurate 


1, Mercurous oxide 

Hg,0 

Formation 

93 kj. 

Solution 

2. Mercuric „ 

HgO 

87 „ 


3. Mercurous chloride 

Hg,Gl, 

262 „ 


4. Mercuric „ 

HgCIe 

223 „ 

- 14 ki. 

5. Mercurous bromide 

Hg^Brg 

206 „ 

-14 „ 

6. Mercuric „ 

HgBr, 

169 „ 


7. Mercurous iodide 


119 „ 


8. Mercuric „ 

102 „ 


9. „ cyanide 

Hg(CN)., 

- 240 „ 

-12 5 „ 

10. Mercurous sulphate 

Hg,SO, 

726 „ 


11. Mercuric „ 

HgSO, 

692 „ 



The halogen compotnids of mercury, like those of cadmium, and 
for the same reason, do not obey the law of thermonoutrality 
12. Mercuric sulphide HgS 26 kj. 

13 Amalgams. The alkali metals combine with mercury with great 
evolution of heat. Solid potassium amalgam KHgjj has a heat of 
formation of 142 kj. ; sodium amalgam, NaHgg, 88 kj. As potassium 
on combining with mercury evolves much more heat than sodium, 
sodium amalgam acting on -water or acids gives out about 26 kj more 
than potassium amalgam. 


18. Silver. 


1. Silver oxide 

Ag,0 

26kj 


2. „ chloride 

AgCI 

123 „ 

- 67 kj. 

3. „ bromide 

AgBr 

96 „ 

-86 „ 

4. „ iodide 

Agl 

68 „ 


6 „ cyanide 

AgCN 

-132 „ 


6 Potassium silver cyanide 

KAg(ON)., 

54 „ 

-36 „ 

7. Silver sulphide 

AgjS 

14 » 


8 „ sulphate 

Ag,SO^ 

700 „ 

- 19 » 

9. „ carbonate 

AgaCOg 

514 „ 


10. „ nitrate 

AgNOj 

120 „ 

- 23 „ 

4; 19. Xhallium 

1 Thallous oxide 

TlgO 

177 „ 

- 13 ., 

2. „ hydroxide 

TlOH 

238 

- 13 „ 

3 „ chloride 

TlCl 

203 „ 

- 42 „ 

4. „ bromide 

TlBr 

173 ,, 


5, „ iodide 

Til 

126 „ 


6. „ sulphide 

ThS 

82 „ 
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7. Thallous sulphate 

Tl^SO, 

Heat of 
Fonaatioii. 

924 kj. 

Heat of 
Solutioji 
- 36 kj. 

8. „ nitrate 

TlNOj 

243 „ 

-42 „ 

9. Thallic hydroxide 


610 „ 

10 „ chloride 

TlCl3,Aq 

373 „ 


11 „ bromide 

TlBrg,Aq 

236 „ 


12. ,, iodide 

Tll3,Aq 

45 „ 


§ 20. Lead. 

1. Lead oxide 

PbO 

210 „ 


2. „ peroxide 

PbO^ 

260 „ 


3. „ chloride 

PbCla 

346 „ 

-28 „ 

4 „ bromide 

PbBr„ 

270 „ 

-42 „ 

5 „ iodide 

Pbl3 

167 „ 


6. „ sulphide 

PbS 

85 „ 


7. „ sulphate 

PbSO^ 

904 „ 


8. „ nitrate 

Pb(N 03 ), 

441 „ 

-34 „ 

9. „ carbonate 

PbCOg 

711 „ 


§ 21. Bismuth. 

1. Bismuth trichloride 

BlClg 

380 „ 


2 „ oxychloride 

BiOCl 

369 „ 


3. „ hydroxide 

Bi(OH)3 

718 „ 


§ 22. Tin. 

1. Stannous hydroxide 

Sn(OH)o 

571 „ 


2. „ chloride 

SnCl, 

338 

1 >. 

3. Stannic chloride 

SnOi; 

532 „ 

120 „ 


§ 23. Gold. 

The gold precipitated from solution comes down lu ditferent modi- 
fications with variations of energy from 13 lij. to 20 Icj The following 
numbers refer to the variety ivith most energy, viz. that precipitated 
by sulphur dioxide from the chloride. 


1. Auric hydroxide 

Au(OH)3 

AUgOg.aq 

402 kj. 

- 66 „ 


2. Auric chloride 

AuOlg 

96 „ 

19 kj. 

3. Chlorauric acid 

HAu01i,Aq 

298 „ 

4. Auric bromide 

AuBrg 

37 „ 

-16 „ 

5 Bromauric acid 

HAuBr^jAq' 

172 „ 


6. Aurous chloride 

AuOl 

24 „ 


7. „ bromide 

AuBr 

0 „ 


8. „ iodide 

Aul 

-23 „ 
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§ 24. Platinum. 


Heat of 

Heat of 

1. Platiriic chloride 

PtCl^ 

248 kj. 

82 k]. 

2. Chioroplatinic acid 

H„PtGL,Aq 

683 „ 


3. Potassium cUoropUitinate KoPtCL 

1266 „ 

-58 „ 

4. Platinic bromide 

PtBr^ 

177 „ 


5. Bromoplatinic acid 

H„PtBro,Aq 

615 „ 


Tho heats of neutralisatii 

m of tho two acids are the sai 

no as that 

of hydrochloric acid. 




6. Platinic iodide 

PtI, 

73 kp 


7. Chloroplatinoiis acid 

H3PtCl4,Aq 

503 „ 


8. Bromoplatinons „ 

H,PtBr.,Aq 

370 „ 


9. Platinoiis hydroxide 

Pt(OH)3 

361 „ 


§ 25. Palladium. 




1. Palladious hydroxide 

Pd(On)2 

381 „ 


2. Ohloropalladious acid 

H3Pd01^,Aq 

629 „ 


3 Palladious iodide 

Pdl, 

76 „ 


4. Palladic hydroxide 

Pd(6H)^ 

699 „ 



Salt Formation and loniaation. — The regularity observed in all 
the properties of dilute solutions of salts, that they are the sum of 
the properties of their constituents or ions, also holds for the most 
important property of all, the change in the amount of energy, but 
in a somewhat different form. By analogy, the energy of a salt 
solution is the sum of two terms, one of which depends only on the 
hatioii or metal, the other only on the anion or halogen. This is 
true ; but, as the total amount of energy cannot be measured, only 
the difference of energy between different states, the rule can only 
bo indirectly tested in its consequences. 

^ The first consequence is that no change in energy occurs when 
two dilute salt solutions are mixed. For, as the ions remain un- 
changed in the mixture, no reaction is caused by their presence 
together, and therefore no heat is evolved. 

This law was tho first result of the systematic investigation of 
the thermochemistry of salts undertaken by Hess (1840), and is 
known as the law of thermoneutrality. 

It has since been found not to be strictly true ; there are many 
exceptions, though the law is obeyed in the great majority of cases 
The exceptions are related to other properties of solutions, osmotic 
pressure and allied properties in particular. Stated generally, tho 
law of tliermoneutrality holds if the osmotic pressure shows that the 
ions present are absolutely independent of each other, i e when the 
value of i (p. 190) is equal to the number of ions contained in the 
formula of the salt The greater the deviation of i from the limiting 
value, tho less closely is the law of thermoneutrality followed. 
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Observations on the depression of freezing-point of salt solutions 
have shown that i is nearer the theoretical limit, or, in other words, 
the salt IS more completely ionised, the more dilute the solution is. 
I'he law of thermoneutrality is also more exact, the more dilute the 
solutions are. 

In some cases divergences occur in dilute solutions ; the halogen 
compounds of mercury and of cadmium, and many of the cyanides 
and thiocyanates are instances. All these compounds are found by 
the other methods to bo very feehly ionised. 

The peculiar behaviour of acids and bases, which are also to be 
regarded as salts, is dealt with below: it is caused by the same 
circumstance. 

The law is also departed from if a salt separates out as a fiolid. 
The thermal effect is then the sum of the action in solution and of 
the heat of precipitation of the dissolved salt ; the latter is the same 
as the heat of solution with the sign changed. If the dissolved salts 
follow the law of thermoneutrality (as can be ascertained from 
the value of i), the total heat effect is the heat of precipitation ; the 
heats of solution of sparingly soluble salts, which cannot be directly 
determined, can be measured in this way. 

The law of thermoneutrality is never obeyed in the neutralisation 
of acids and bases : there is always a considerable evolution of heat. 
For acids and bases, which are practically completely ionised, as 
shown by their i value, the evolution of heat is very laige, amounting 
to 67 kj. ; it is constant, i.e, is independent of the nature of the two 
substances. The following table illustrates this : 


Hydroohlorio aoid 

Hydvobroniio „ 

Hydiiodio ,, 

Nitrio ,, 

CMoac ,, 

Bionno ,, 

Chloroplatimo ,, 

Hyposulpliiirous „ 


NaOH 

67 Iq. 
67 „ 
67 „ 
67 „ 


LlOH KOH 
67 k3. 67113. 


Ba(OH)2 
68 Iq 


Sr(OH)3 (CHj),NOn 
68 I13. 58 Iq 


68 „ 
67 „ 
66 „ 


68 ,, 


The explanation of this apparent discrepancy is easily found, if 
the neutralisation of an acid and a base is explicitly formulated 
For hydro&hloric acid and sodium hydroxide we have, for instance, 


HCl + NaOH = NaOl -1- H^O. 


For hydrochloric acid, sodium hydroxide and sodium chloride 
i = 2, three of 'the four substances are thus completely iomsed.’- 
Water is not fully ionised ; although it can dissociate into H , the 
ion characteristic of acids, and OH', the ion common to bases, all 
^ The dissociation is not quite complete, but it is to such au exteut that the remainder 
can bo uegleotod in pie present discussion. 
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the methods hitherto employed indicate that the ions of water are 
present in exceedingly small quantity, so that water may for our 
present purpose be regarded as not ionised. While the ions Na' and 
Cl' remain unchanged during the reaction and thus occasion no heat 
change, the ions 11' and OH' unite to form undissociated water, and 
the 57 kj. observed is the heat of formation of water from 
hydrogen and hydroxyl ions. 

This heat of formation must not be confused with the heat of 
formation of water from oxygen and hydrogen. Apart from the 
fact that it is hydroxyl, and not oxygen, hydrogen in the state of 
ion IS not equivalent to hydrogen gas, as the two have essentially 
different properties (p 192), and therefore differ m energy. 

Between water, which is extremely little ionised, and most 
neutral salts, which are fairly completely ionised, come the acids 
and bases with widely differing degrees of ionisation In all cases the 
degree of ionisation increases with dilution ; but this docs not mask 
the essential differences. 

Although detailed treatment of this matter belongs by right to 
a later section, the most important classes will be given here, as a 
knowledge of thorn greatly facilitates the duo comprehension of 
thermochemistry. 

The halogen acids, with the exception of hydrofluoric acid, are 
very fully ionised, as are also the monobasic oxygen acids of nitrogen 
and the halogens. Of the dibasic acids chloroplatmic acid and 
the polythionic acids alone belong to this group , the tribasio acids 
as a rule belong to the less ionised group. Sulphuric acid is about 
half ionised at moderate dilutions, the other dibasic acids even 
less so Arsenic acid and phosphoric acid are still less ionised. The 
carboxylic acids of the fatty senes are very little dissociated ; the 
presence of halogen, of the mtro- or of the cyanogen group, increases the 
degree of ionisation, which may be nearly complete (trichloracetic acid) 

Among the bases, the hydroxides of the alkalies and of the 
alkaline earths and thalloiis hydroxide are almost completely ionised. 
So are the quaternary ammonium bases, and the analogous compounds 
of phosphorus, arsenic and antimony and also the sulphine bases, 
hlost other bases, in particular the volatile derivatiims of ammonia, 
are very slightly ionised 

Heat of Neutralisation — Prom this point of view, the formation 
of a salt from an acid and a base, both of which are largely ionised, 
consists in the formation of water from hydrogen and hydroxyl ions, 
and the heat evolved is 57 kj. This is what actually occurs when 
any of the above fully ionised substances are caused to react, provided 
no preeijntate is formed. 

If a precipitate is formed, the difference from the value 57 k]. is 
to be regarded as the heat of solution of the substance (to form a 
dissociated solution) with the sign changed 
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If a feebly ionised acid is neutralised with a fully ionised base 
without formation of a precipitate, the heat is the sum of two values • 
the heat of formation of water from its ions, 57 kj., and the heat 
required to decomiiose the acid into its ions. The process can be 
imagined to take place in this way . first the acid is ionised, then the 
process of neutralisation takes place with this fully ionised acid ; as 
the final result is the same, the two thermal efiects must he the same. 
The difference between the observed heat of neutralisation and the 
constant 57 kj is thus the heat of dissociation of the acid. 

If the acid is partially ionised, a corresponding fraction of the 
heat of dissociation is obtained. By estimating this fraction {e.g. 
from the depression of the freezing-point), the heat of dissociation 
can be calculated. 

The same considerations apply to the neutralisation of a partially 
ionised base with a fully ionised acid, it is unnecessary to repeat 
thorn. 

If both substances are slightly or not completely ionised, the 
thermal effect is the sum of the constant 67 kj and the heats of 
dissociation of the acid and the base. This is the general case, of 
which the instances given above are limiting cases. 

In this case the heat of neutralisation is expressed by a formula 
0 + a + b, in which 0 is the constant 67 kj., a and b the heats of 
dissociation of the acid and base. The form is the same whether the 
acid and base are ionised to a greater or less extent, as it denotes in 
each case the amount of heat necessary for the complete dissociation 
of the substance starting from its original condition. 

This is exactly what had been found experimentally long before 
the development of these ideas, Hess assumed, on the discovei'y of 
his law of thermoneutrality, that the heat of neutralisation depended 
only on the acid, the same acid developing the same amount of heat 
with different bases ; the law of thermoneutrality would follow from 
this. Andrews, who investigated similar questions later, believed, 
on the other hand, that the base alone determined the heat of 
neutralisation. Favre and Silhermann showed that both assump- 
tions are wrong, but that the differences between the heats of 
neutralisation of different acids with a base are independent of the 
nature of the base. The same holds for the neutralisation of different 
bases with an acid. This law is identical with the above law, that 
the heat of neutralisation is expressed by a formula G -t- a + b ; for a 
depends only on the acid, and b only on the base. The heats of 
neutralisation of different acids with the same base are given by 
0 + aj + b, 0 + aj + h, 0 + aj, + h, etc. The differences between the othei s 
and the first are given by a^ - a,, aj^ - ag, etc , which are independent 
of b The same is true of bases. 

/ In addition to the thermal effect of neutralisation, there is another 
which IS observed when a neutral salt is mixed with the corresponding 
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acid or base. It occurs when the latter are only partially ionised, 
and is duo to the effect which the neutral salf exerts on the degree 
of ionisation. The extent of this influence can be calculated from 
the theory of chemical equilibrium ■; it must suffice to state that there 
is good agreement between the observed and the calculated effect. 

The heat of dissociation of a partially ionised acid can be/ 
estimated by subtraction of the observed heat of neutralisation with) 
sodium hydroxide (or any other fully ionised base) from the valuel 
57 kj The heat of dissociation of a base can be obtained in the) 
same way. It is necessary to know in each case the extent of ionisa-j 
tion of the less ionised substance iii the given solution. ) 

Although no systematic investigation in this direction has been^ 
undertaken, there is sufficient material to permit of a review of the 
subject. The heat of dissociation is usually inconsiderable, amount- 
ing to only a small fraction of the total heat of neutralisation, and 
seldom exceeding 10 kj. The sign is sometimes positive, at others 
negative : m some cases the dissociation into ions is accompanied by 
evolution of heat, in the others by absorption of heat. No simple 
connexion with other properties has been made out , but according 
to the general behaviour constitutive influences are to be expected. 

Heat of Formation of Ions. — The thermochemistry of salt solutions 
can be brought into a very simple form, m consequence of the mutual 
independence of the ions in dilute solution. If the heat of formation 
of the various ions from the corresponding elements is once determined, 
the sum of any two of them will give the heat of formation of the 
correspondmg salt in dilute solution. 

There is, indeed, no purely thermochemical means of calculating 
the heat of formation of the single ions. As equivalent amounts of 
kations and anions must be formed simultaneously, the sum of the 
two heats of formation is obtained, and the single values cannot be 
determined. But if the heat of formation of only one ion is known, 
all the others can be calculated by means of it. For example, if the 
heat of formation of chloride ion from chlorine gas is known, subtrac- 
tion of its value from the heat of formation of any chloride in dilute 
solution will at once give the heat of formation of the metal ion. 
By means of the value for this metal ion, the heat of formation of 
any anion which forma a soluble salt with the particular metal can 
be ascertained in the same way. 

Electrochemistry provides such a method of estimating the heat 
of formation of ions Details cannot be giveu, but the result will be 
used as the basis for the calculation. Should subsequent alteration 
of this value be found necessary, the same correction would have to 
bo applied to all ions, for only one heat of formation of ion is involved 
in the calculation from the direct thermochemical data. 

It has been observed that a very small amount of beat is 
required for the conversion of gaseous hydrogen into 
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hydrogen ion ; so far as is known at present about 4 kj. are 
required for Hg As the number is not certain to this amormt, it 
may provisionally be made zero. Subsequent coirections will 
then be more easily applied. 

It follows at once that the heat of formation of a metal ion 
is equal to the thermal effect produced by the displacement 
of hydrogen from a fully ionised acid by the metal, the 
hydrogen escaping as gas. In this process the metal ion is formed 
from the metal, and at the same time the hydrogen ion is converted 
into hydrogen gas. According to the above assumption, the latter 
process causes no thermal effect, so that the whole of the heat comes 
from the former transformation. 

In consequence of this, the solution of a metal in any fully ionised 
acid should give the same amount of heat, independently of the 
nature of the acid. This was early demonstrated by Andrews. 

The heats of formation obtained by this method are given in the 
adjoining table. The heat of formation of a dissolved salt is the sum 
of the values attached to the two ions of the salt, due regard being 
paid to the valency of the ions as indicated by the formula. The 
formulas of ions are distinguished from those of other sub- 
stances by means of dots in the case of kations, and dashes 
in the case of anions, the valency being indicated by the 
number of dots or dashes. Energy equations can be written for 
them in the usual manner The formula 


[Na] = Na+240 ki. 

and (Cl2)=2Cl'-t2xl64ki. 


denote that 240 kj are evolved in the transformation of metallic 
sodium into sodium ion, and 164 kj. by the transformation of chlorine 
gas into chloride ion. It must be remembered that ions occur only 
in dilute solution, so that Aq should be added to the formula. 
As there are no exceptions to this, the symbol may be omitted with- 
out danger of any misunderstanding. 


Eatious. 

Hydrogen 

Potassium 

Soduim 

Litluum 

Rnbiduim 

Hydioxylaniiuo 

Magnosinfn 

Stiontmm 

Aluminium 

Manganous 

ferrous 


Heat ot Fonnatiofi. 

n • 0 kj. 

IC- + 269 ,. 

Na + 240 „ 

B.b‘ -I- 262 r. 

+ 137 

HH 4 O + 157 „ 

Mg" -1 466 „ 

Oil" + 468 ,, 

St + 601 „ 

Al- + 606 „ 

Mu • -1- 210 „ 

Fe ■ 4-93 ,, 
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Kalloni). 

Hon 

il of Formation 

I'emc 

Fo • 

- 39 Icj 

CoLalt 

Co • ' 

+ n „ 

Nickul 

Ni- 

+ S7 „ 

Zino 

Zn ■ 

+ 14?' 

Carliiuuiu 

Gd- 

+ 7? 

Cnpioua 

Gu- 

' 66 „ (?) 

Cupric 

On 

- 67 „ 

Moiruioua 

Hg 

- 83 „ 

Silver 

Ag' 

' 106 „ 

lliallous 

Tl- 

+ 7 „ 

Lead 

Pb • 

+ 2 „ 

St a no 

Sn 

+ 14 „ 

Anioiia 

Ohloiido 

Cl' 

+ 164 

Hypochlorite 

CIO' 

+ 105) „ 

Chlnriito 

CIO/ 

+ 98 „ 

rovolilorato 

010/ 

- 162 ,, 

Bromide 

Bi' 

+ 118 

Bi ornate 

BrO/ 

+ 47 

Iodide 

r 

+ 66 >, 

lodate 

10/ 

+ 234 ,, 

I’onodato 

10/ 

+ 195 

Siiliiliido 

8" 

- 58 

Ilydrosidpliido 

HS' 

+ 6 „ 

Tluowlpliato 

SoO," 

+ 681 „ 

Bithioiule 

SA" 

+ 1188 .. 

Tetiatliionnte 

S40/ 

+ 1093 „ 

Sulphite 

so/' 

+ 633 „ 

Sulphate 

SO/' 

+ 897 „ 

Seleiiido 

So" 

- 149 „ 

Selenite 

SoO," 

+ 601 „ 

Selenate 

SeO/' 

+ 607 „ 

Tollunde 

Te" 

- 146 „ 

Tellurite 

ToO.," 

+ 323 „ 

Tellurate 

ToO/' 

+ 412 „ 

Nitrite 

NO,.' 

+ 113 „ 

. Nitrate 

NO/ 

+ 206 „ 

Tiinltude 

N/ 

- 277 

Hypophosphito 

H»PO/ 

+ 603 „ 

Pliosplnto 

HPOj" 

+ 962 „ 

Phosphate 

PO/" 

+ 1246 „ 

Hydiephosphato 

HPO/' 

+ 1277 „ 

Arsenate 

AbO/" 

+ 900 ,, 

Carbonate 

CO/' 

+ 674 „ 

Hydrocaihonatc 

HCO/ 

'+ 683 „ 

Hydroxyl 

OH' 

+ 228 „ 

By means of this small table the heats of formation of about 800 
salts m dilute aqueous solution can be calculated. 

Organic Compounds.- 

-The thermochemistry of organic compounds 
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IS rendered specially interesting by the circumstance thcat most of the 
energy used in the industrial arts, as well as all the energy of living 
organisms, is got from the combustion of organic compounds. The 
accurate comprehension, therefore, of the economy of these working 
systems must be preceded by a knowledge of the amount of energy 
contained in the substances which come under consideration. 

Unfortunately the special peculiarity of the processes between 
carbon compounds, which almost without exception take place slowly, 
or under pressure at high temperatures, has restricted any extensive 
research in this domain. There is practically only one method for the 
determination of the energy m organic compounds, just as there is 
but one in organic analysis, and that method is the same in both 
oases, viz. complete combustion The heat here appearing is the 
same as that taken into consideration in the first instance in the 
technical or physiological utilisation of organic substances, and thus 
the heat of combustion plays a very important part. 

If the heat of combustion of an organic compound ho siihtraotod 
from those of its elements, we obtain, according to the fundamental 
principle of energy, the heat of combination of the compound from its 
elements. This has merely an arithmetical significance, as we have 
scarcely ever been able to form organic compounds directly from their 
elements. For the purpose of calculating heats of reaction the heats 
of combustion can, however, be used just as well, for the difference of 
the heats of combustion of the substances before and after the reaction 
IS equal to the heat developed by the reaction itself, as can also be 
easily shown from the fundamental principle 

The thermal effects produced by reactions between organic com- 
pounds are comparatively small, while the heats of combustion are 
very great ; as the heat of reaction is the difference between the 
heats of oombusUon of the substances before and after the reaction, 
It is got as a small difference of two large numbers, and the experi- 
mental error will he correspondingly increased Heats of combustion 
must be measured with great accuracy if the results are to be of use. 

While the older methods of combustion were liable to unavoidable 
errors owing to the incompleteness of the combustion even in pure 
oxygen, Berthelot and Vieille’s method of combustion iii compressed 
oxygen has been carried to such a degree of accuracy by Stolimann 
that heats of reaction can now be deduced with some confidence No 
general law of importance has been deduced from the results, and, in 
particular, there does not appear to he any connexion between the 
thermal effect and the possibility or the velocity of a reaction. 

Laws. — The most general law discovered in this connexion is 
that heats of combustion are essentially additive in nature. 
It IS noLsifictly true for this, any more than for any other property, 
with the sole exception of mass. But the influence of constitution 
is so slight that its existence was not recognised with certainty before 
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tlie introductiou of the recant accurate metliods. The additive 
nature is most clearly seen in homologous, senes. Increase of 
OHj causes an increase of 655 kj., and this is so generally true, even 
in different series, that the difference 666 kj. may be regarded as 
almost a general constant 

It follows from this relation that the heats of reaction for 'any ’ 
one change undergone by different members of a homologous series 
have always the same value. Writing such a process as the trans- • 
formation of an alcohol into an acid in the form of an equation, and 
denoting by A and B the heats of combustion of the substances 
on the left and right side of the equation, we have A - B, 
equal to the heat of reaction. For a substance with nCHj more, 
which undergoes the same reaction, the corresponding heats of 
combustion are A + n665 kj. and B + n665 kj., the difference again 
amounting to A - B. 

This circumstance enables us to reduce the thermochamioal data * 
of organic chemistry to a very simple formj given the heat of 
combustion of one member of every occurring type, the numbers for 
all the homologues (used in a very wide sense) can be calculated 
by the addition of n666 k]., where n is the (positive or negative) 
number of carbon atoms in excess of the number contained in the 
typical substance. 

It must he borne in mind that it is only an approximation 
and that constitution has an effect, although it is small in oomparisoii 
with the heats of combustion The numbers calculated in this 
manner are accurate to about one per cent. 

The first member of a homologous series is not so suitable 
as a. typical substance as is a higher member. The explanation of 
this general phenomenon has been already given (pp. 226 and 232) 
and can readily be applied to the present case. 

Effect of Pressure. — Before proceeding to give experimental 
results, on which the general relations just mentioned are based, we 
must take into consideration the effect of external pressure. If a 
oombustiou of an organic compound is carried out as usual at 
constant (atmospheric) pressure, the thermal effect includes not only 
the difference between the amounts of chemical energy before and 
after the combustion, but also a certain amount of mechanical work 
derived from the difference in volume of the substances before and 
after combustion. If the volume is diminished by combustion, 
external work is converted into heat, and the observed thermal effect 
is greater than the difference of chemical energy; in the converse 
case it is smaller. The two are equal, if there is' no change of 
volume 

We have therefore to distinguish between two different heats of 
combustion, that at constant volume, which excludes external 
work, and that at constant pressure, where the external work is 
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included, The older methods of combustion iu an open calorimeter 
gave the latter numlj)6r, the calorimetric bomb gives the former. 
The heat of combustion at constant pressnie is the only one of 
importance for physiological and technical purposes, and the 
appended data refer to constant pressure. 

The theoretical objection that the heat of combustion at constant 
pressure is the sum of two different amounts of energy, chemical 
and mechanical, while the other represents the chemical energy 
only, is quite right, but does not detract in the least from 
the significance of the constant pressure value Fui’ther, the 
values for constant pressure form a perfectly consistent series of 
numbers. Systematic errors are not introduced unless the pressure 
varies during the combustion, and this does not occur in actual 
practice. It is not at all necessary to have the pressure the same for 
all tho combustions, in order to obtain comparable results ; it may 
vary to any extent, provided that it remains constant throughout 
each experiment. 

The proof of this is as follows ; the factor for converting the one 
number into the other is obtained at the same time. If one mol of 
a gas IS formed, the work expended is independent of the'’ nature of 
the gas, and is given by the gas equation pv = RT(p. 41). The 
constant R is 8'316 x in absolute units, and the work is thus 
8'316 T joules; it is independent of the pressure and la proportional 
to the absolute temperature. For the mean temperature of 18° 0. or 
291° A it amounts to 2419 j. or 2-42 kj. 

If m IS the number of mols of gaseous substances before the 
combustion, and n the number of mols after it, the relation of the 
heat of combustion at constant pressure, W, to that at constant 
volume, (W), is 

(W) = W-(m-n)8-316 Tj. 
or at room temperature 

(W) = W-(m-n)2-42 kj. 

Numerical Results.— The data given below afford a brief survey 
of the most important groups of organic compounds; it does not 
profess to be a complete record of the work which has been done. 

Thomsen found the following heats of combustion for the 
gaseous hydrocarbons of the methane series : 




(OHd 

886 ]c3. 


'(O 2 H 0 ) 

1560 „ 

664 hj. 

(CjHs) 

2214 „ 

684 „ 


2877 „ 

663 „ 


3644 „ 

667 „ 


The average increase for each CHg is 664 kj. For liquids it is 
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a little larger, since the lieat of vaporisation (by wliicli the heat of 
combustion in the liquid state exceeds that fin the gaseous state) 
slowly nsoB with increasing molar weight. Stohmann’s numbers 
for liquids arc • 

DlFcronos 

0|,H,4 4146 kj. 

0,11, „ 4830 „ 684 k]. 

OnHsi 11030,, 9x689,, 

The ethylene series is similar. For gases we have : 


Dvffeioiico. 

(aHj) 1395 kj. 

(OjHo) 2061 „ 660 kj. 

(G4Ha) 2722 „ 661 „ 

(C„IIi„) 3378 ., 666 „ 


Liquids of the same series gave ; 

DlirclOTlCl! 

CsHjo 5239 kj. 

C'loHjo 6677,, 2>-G6ikj. 


The heat of combustion of acetylene is 1321 kj. If we compare 
O/I2, C5H4, CJI,,, the diJlereiicGs are 74 lij. and Ifif) kj The heat of 
combustion of H„ is 286 kj., the union of hydrogen and acetylene 
takes place with the evolution of 212 kj.; the change from ethylene to 
ethane also gives out heat (131 kj.) ' 

The heats of combustion of the alcohols are . 


DiAeitiiico 

011,0 714 Ifj 


CjHcO 1362 ., 648 kj 

C,H„0 2009 ., 647 „ 

2663 „ 654 „ 

C,H]„0 3321 „ 658 „ 

CsHigO 6280,, 3x663 „ 


Propyl glycol, C^HgOo, lias 1804 k] ; glycerine, CgHgOg, has 
1662 kj. The change from monohydric to dihydric alcohol diminishes 
tlio beat of combustion by 205 kj., from the dihydnc to the trihyclric 
alcohol by 143 kj. 

The number for isopropyl alcohol is 2000 kj., that of the normal 
alcohol is 2009 Iq.; the small difference is characteristic of the slight 
effect of isomerism on heats of combustion. 

A few important polyhydric alcohols and carbohydrates are : 


Erytlirito 

0,Hi„04 

kj. 

2103 

Khaniuoso 


iq 

3006 

Qneruite 


2972 

Mannite 

C„H„0„ 

3048 

GIuooso 

Con,„0„ 

2833 

Cana sugar 

Gi„n2„Oii 

5668 

Milk sugar 

C,..H.,50„ 

6863 

Dextrin 

Goilioba 

2791 

Starch 

CaKnOo 

2866 

Celluloae 

GoHioOj 

2846 
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For Aldehydes of the fatty series in the liquid state we have ; 

'' Dlfloieiioe 

O 2 H 4 O 1127 Iq 

OjHjoO 3104 „ 3 X 659 kj. 

For Acetone, CgHgO, it is 1772 kj, ; diethylketone, GjHjqO, 3083 
kj ; the difference for CH^ is 656 kj 

The iiumhers for the normal fatty acids are ; 

OH A 258 kj 

OjHA 876 „ 

O 3 H 0 O 2 1637 „ 

OjHgOj 2194 „ 

OsHjoOj 2862 „ 

OoHjA 3603 „ 

The anomalous value of the first member is very striking. 

The heats of combustion of the oxalic acid series are . 

nifforeoci! 

0,A04 251 kj. 


O 3 H 4 O 4 867 „ 618 kj. 
C 4 H 0 O 4 1492 „ 626 „ 
C 5 HSO 4 2164 „ 662 „ 
ObHjo 04 2798 „ 614 „ 
OgHiA 3467 „ 069 „ 
OsHmO^ 4114 „ 647 „ 
C,HiA 4774 „ 660 „ 
O 10 H 18 O 4 6410 „ 636 


The first two members of the series are again irregular. The 
alternation of the differences between the higher homologues corre- 
sponds to many similar differences in properties {e.g. the melting- 
points) of acids with odd and even numbers of carbon atoms. 

The substances derived from the combination of the alcohols with 
themselves, and with acids, with loss of water — the simple and 
compound ethers — ^have mostly a heat of combustion differing but 
little from the sum of the heats of combustion of their components, 
showing that these actions take place with vary slight thermal 
change. The thermal change which does take place has often the 
negative sign, i.e. the substances absorb heat on combination. 

Thus the heat of combustion of ethyl ether (CgHgjjO is 2726 kj., 
while twice that of alcohol is 2724 kj., and the thermal effect of the 
direct formation of ether is practically zero. 

The numbers obtained from the comparison of the heats of 
combustion of 'the esters and of the alcohols and acids are similar. 
The former are mostly from 4 to 8 kj. greater than the sum of the 
latter, these differences represent the heat of reaction. Thus the 
heat of combustion of ethyl acetate is 2246 kj., that of acetic acid 
and alcohol together 2238 k] ; for ethyl butyrate it is 3661 kj.. 


618 kj 
661 „ 

667 „ 

668 „ 
661 „ 



CHAPTER XI 

CHEMICAL KINETICS 

General, — Thermocliemiatry is dominated by tbe First Law of 
Energetics : it dealp with the total amount of energy which 
accompanies chemical processes, and measures it in terms of heat. 
It is assumed that the processes actually take place to completion 
in the manner veiiresented by the formula. The questions as to 
why the processes take place in the one direction instead of in the 
other, whioh is quite as possible from the mere formula, or whether 
the reactions are really as complete as they are tacitly assumed to 
be, are not taken into consideration at all. 

It was at one time thought possible to answer these questions 
from the thernioohemical data, with the aid of the rule that, of the 
two chemical reactions in contrary directions, the one whioh evolved 
heat alone took place. Since a change of energy takes place in chemical 
processes every chemical equation when read in one direction 
corresponds to an evolution of heat, and to an absorption of heat in 
the other direction 

This view, which has found support in very recent times, is not 
correct when expressed in this form.^ It is the last residue of a 
doctrine first propounded by T. Bergmann in the last quarter of 
the eighteenth century. According to it chemical substances behave 
towards each other as mechanical masses under the influence of 
opposed forces ; one or other force is the stronger, and the process 
takes place accordingly. As Bergmann regarded these “chemical 
forces ” as conditioned solely by the nature of the substances and by 
the temperature, he was bound to assume that they were in action 
as long as any of the reacting substances were present, i.e. that the 
processes ivere all complete. 

Although this view was in agreement with the knowledge of that 
time, only (practically) complete reactions being knoVn or taken into 
account, closer observation revealed the fact that incomplete 
reactions, which according to the theory were impossible, were of 

1 Tlio rule would Lc coriect at absolute soro, at wWeli temperature both beat and 
volmuB euergy dii,appe.ar. 
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more frequent occurrence than was supposed. Accordingly C. L. 
Berthollet about the^ beginning of last century developed a theory 
embodying the opposite view. The fundamental idea of it was that 
the course of a chemical reaction is affected not only by the nature of 
the substances and by the temperature, but also by the amount of 
each substance present., Since the reacting substances disappear 
during the reaction, and the products of the reaction accumulate, the 
reaction will be hindered and will finally be stopped, because the 
resulting substances will tend more and more, as they accumulate, 
to regenerate the original substances. In consequence of this, the 
reaction will cease before it is complete 

Many reactions do proceed to completion, so far as can be ascer- 
tained experimentally, but the explanation is that, for some reason, 
accumulation of the products of reaction is prevented. If one of the 
products IS a gas, it will escape and lose its efl'ect; an insoluble 
product will separate out and be equally without further action. 

These views have since received full confirmation, but a long time 
elaiDsed before Guldberg and Waago (1867) elaborated them into 
a real theory of chemical reaction and equilibrium. After the validity 
of Bertbollet’s views had been confirmed in many cases by later 
investigations, the development of energetics and the application of 
it to chemical problems gave rise to a system of “ chemical dynamics ” 
in which, notwithstanding the extraordinary extension of the sub]6ot, 
ai’e still found the essential principles of Berthollet’s doctrine of 
affinity. 

Th e law of chemical -mass action, is the .foundation of, this 
development; according to it the chemical action is proportional 
to” fEe active mass) %.e. to the concentration, or the quantity 
of substance in unit volume, The chemical action here spoken 
of may be" exerted in two directions: in regulating tho course of 
the action, and in regulating the equilibrium at the conclusion of 
the reaction. There are thus two divisions of the subject : chemical 
kinetics and chemical statics 

In a sense kinetics may he considered tho fundamental science, 
seeing that the reaction must proceed before equilibrium can be 
established. But it is much less advanced than is statics. One 
reason for this undoubtedly is, that, owing to the time relation, it 
contains one variable more than does statics, and is correspondingly 
more difficult Agaiu, no general principle has been discovered as a 
guide in this region, like those guiding principles of equihbrium, 
based on the generalisation of the second law of thermodynamics. 
The importance’ of kinetics is sure to increase, for it affords more 
information regarding the nature of chemical systems than does 
chemical statics, and, further, indications arc not wanting that the 
general principle will be forthcoming at no distant time. 

Ohemioal Kinetics. — When C. F. Wenzel in 1777 set himself to 
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tlie task of investigating the cause of chemical processes, or the laws 
of chemical affinity, lit had first of all to seaicli for a method of 
measurement. From analogy to the method adopted for measuring the 
causes of mechanical jirocesses or of motion, he chose to measure 
chemical forces by the velocities with which they effected analogous 
processes. 

The conception of “ chemical velocity ” is defined as the ratio of 
the amount of substaiiceTraiisformed in the process under con- 
sideration to the time required for its transformation. I'or 
example, the expression that fermentation proceeds faster at a high 
temperature than at a low one moans that aeteris paribus more sugar 
is converted in a given time into alcohol and carbonic acid at a high 
temperature than at a low temperature. This chemical velocity has 
little more than an external similarity to mechanical velocity, and we 
must therefore be careful not to look upon the similarity as going 
doe2)er. 

The quantity of .substance decomposed in unit time — the rate or 
velocity of a chemical reaction — is obviously dependent on very 
many separate circumstances Wenzel, who wished to measure the 
affinity of acids for metals, performed his exfieriments so that the 
surfaces of the pieces of metal which ho exposed to the action of 
acids wore of equal size, for ho reasoned that the metal dissolved in 
a given time must be proportional to its exposed surface. He also 
saw clearly that the action of his dilute acids .would vary with their 
concentration, the action being m fact proportional to the concentra- 
tion, “for if an acid liquid dissolve a drachm of copper or of 
zinc in an hour, a liquid half as strong will require two hours 
to effect the same, provided that the surfaces and the heats 
be equal in the two cases.” 

The principle thus enounced by Wenzel, that the action is 
proportional to the concentration of the active substance, is in 
reality the fundamental principle of chemical dynamics. Berthollet 
stated it later and independently of Wenzel, but it is only quite 
recently that it has experienced the application to the measurement 
of “ chemical forces ” foreseen by the latter 

111 the first place, it is clear that one of the complications of 
Wenzel’s experiments may bo avoided by relinquishing the employ- 
ment of solid substances. Chemical processes may be instituted in 
homogeneous liquids and gases, where there is no question of surface 
at all. It is true that here the course of the jirocesses is not always 
easy to follow and measure, but still in many cases this is practicable. 

The Law of the Velocity of Beaction. — The first bf such measure- 
ments was made in 1850 by Wilhelmy, who correctly stated the 
law of the progress of the simplest class of chemical reactions. If 
only one substance is affected in the process within a homogeneous 
fluid. It is manifest from the law of mass action that the velocity 
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cannot remain constant, but must continually decrease ; for supposing 
one-tenth of the substance present to be transformed in unit time, 
we should get a table like the following to show the course of the 
reaction • 


Time Substance present Snbstanco tnmsforinacl. 

0— I 1 000 -100 

1— 2 900 -090 

2— 3 810 -081 

3— 4 -729 -073 

4— 5 -666 -066 


At the commencement the amount I'OOO is present, and after the 
lapse of unit time ’100 has been transformed according to our as- 
sumption The amount '900 is now left, of which a tenth, this time 
■090, again undergoes transformation. The quantity remaining 
behind is now "900 - '090 = '810, of which again a tenth or •081 is 
transformed, and so on. 

If we denote by 0 the concentration of the substance at the time 
B, and by dO the change ^ of concentration in the small interval of 
time d0, the law that ,the velocity of reaction is proportional to the 
concentration is expressed by the equation 
-dO/d0 = kC, 

in which -dO/d0 is the velocity of reactioft, «r the ratio of the 
amount transformed to the corresponding time of transformation. 
The sign is negative, 'because the concentration decreases during 
the reaction, while the time increases. The meaning of k becomes 
clear, if 0 is put equal to 1 ; k is the velocity of reaction for unit 
concentration. 

Finite Intervals of Time, — This equation cannot be tested directly 
by experiment. The concentration 0 changes continuously during 
the time dd. On the right side of the equation, therefore, a mean 
between the initial and final values of 0 during d^ must be inserted ; 
but it is not aiiparent from the equation how this is to be calculated. 

Obviously, less error is introduced by substituting the arithmetical 
mean of the initial and final concentrations for this unknown mean 
value, the shorter the interval of time dO is made. If d^ is very 
small, the two concentrations are practically the same, and the 
uncertainty regarding the mean disappears altogether. 

To test the equation, wo must measure the very small changes of 
concentration and the corresponding times. These small differences 
of large numbers are very uncertain, the error being relatively larger 
the smaller the differences are The two conditions are contradictory : 
very small differences if the formula is to hold, very large difi'erencea 
to avoid experimental error. 

The formula cannot be accurately tested in this way. But the 
' As before d denotes a small cliange of the magmtiide which follows, 

U 



clianges wliicli have tiiken place during a finite time 6, can he 
calculated from the formula which holds for very small times d0. 
For this purpose the time must be diidded int*o a very large number 
of small parts dd, the change dC calculated for each portion of time, 
and these amounts added together. 

This can easily be dono with the aid of the Integral calculus, but 
a knowledge of this is not assumed here. To give some idea of the 
method, the calculation will be gone through, for which purpose 
we will substitute a general ex 2 iression for the arbitrary fraction 
employed on the table on p. 289. Putting the fraction transformed 
in unit time equal to k, and the original amount equal to 1, we obtain 



0- 1 1 k 

1- 2 l-k (l-k)k 

2- 3 1 - k - (1 - k)k = (1 - k)“ (1 - k)% 

3- 1 (l-kf-(l-k)%=(l-k)» (l-k)''k 

4- r. (l-k)''-(l-kPk=(l-k)‘ (1-kPk 


If we therefore denote by 6 the interval from the commencement of 
the reaction, the amount of substance still present at the time 6 is 
(1 - k)<’. Tliis holds if the initial concentration is 1 ; if it is Cq, the 
concentration C at tho time & is 

C/Oo = (l-k)fforC = C(,(l-k)9. 

The equation, however, has been deduced on an inexact 
assumption IVe have conceived the process as if the transformation 
took jilace m the consecutive units of time at a uniform velocity, and 
changed suddenly at the beginning of the next unit, corresponding to 
tho diminished amount of substance jiresent. Now this is not what 
really occurs, for the change evidently proceeds continuously j we 
can, however, approximate closely to the actual process by choosing 
the units of time as small as possible. 

If we introduce a unit of time which is n times smaller, tho 
amount transformed in unit time is k/n, while the number of units of 
time has risen to nd. For the same moment of time we have 0/C(, = 
(1 - k/n)“® instead of the less accurate equation GjC^ = (1 ~ k)i^. 

The greater n becomes the more accurate is the equation, and it 
will be exact when n = oo . Then k/n = 0, and the expression becomes 
(1-0)”. From higher mathematics we learn that in this case the 
expression (1 -Ic/n)"® becomes equal to e-''®, where e is the basis of 
the natural logarithms, 2'7183. 

Accordingly, we have 0/0^ = e -i'®, or Co/C = e'-®, or, if we take the 
logarithm to the base e of both sides, 

lgGo-lgC = kd, 

which IS the desired expression of the law connecting the time 6 with 
the concentration C at that time. 
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The mathematical expression of the law of mass action leads to 
the following finite equation ; 

lgCo-lgC = H 

in which Oq is the initial concentration, C the concentration at the 
time 6 , and k is the velocity constant : the definition of the latter is 
contamed in the deduction of the equation ; it is the fraction of the 
original substance which would be transformed in unit time, if the 
initial velocity remained constant during unit time,^ 

Units. — The unit of concentration is the unit amount in unit 
volume. The chemical unit is the mol, or if this is not known, the 
formula-weight in grams The cubic centimetre is the absolute unit of 
volume, but in this unit eoiiceiitrations are represented by very small 
numbers j it is therefore customary to take the litre as unit of volume, 
and unit concentration is one mol in a litre. 

The time should be measured in seconds, but the minute has been 
adopted as the unit in chemical kinetics ; it may be retained for the 
present, as no certain relation between velocity of reaction and other 
magnitudes which are measured in absolute units is known as yet 

Finally, common decimal logarithms may be substituted for the 
inconvenient natural logarithms. The relation is logC = *4343 Ig 0, 
and the equation becomes ; 

Iog0-log0o = *4343 k6', 

which is the form in which it is usually applied. 

A glance at the equation shows that the value of the constant k 
is independent of the unit of concentration. If the unit is 
made n times smaller, the numbers become n times larger, but the 
left side of the equation log nC - log nO^ remains equal to logO - 
logOo- Any unit of concentration may therefore be used in the 
calculation. 

The value of the constant is independent of the unit of concentra- 
tion only m this the simiilest type of velocity of reaction; m all 
other types change of unit alters the value of the constant, as will be 
shown later. 

Example. — Wilhelmy first showed the validity of this formula 
in the case of the inversion of cane-sugar, which decomposes under 
the influence of free acid into glucose and fructose, taking up the 
elements of water, thus ; CjaHgjOjj + H^O = 2GjHj20o. Here the acid 
suffers no change, and the water in such experiments is always present 
m so great excess that the alteration of its quantity is quite 
inappreciable. ’ The conditions for the deduction of the equation are 
therefore fulfilled. In order to determine the quantity of unchanged 
cane-sugar present at any time, ho took advantage of the rotation of 
the plane of polarisation by the sugars, which thus enabled him to 
' Tins dufluitiou of k is only difforemt in form from that given on p. 289. 
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perform the analysis without any chemical disturbance of the state 
of the system. He obtained, for example, the following series of 
numbers : 


} (Afinutes). 

0 

15 

30 

46 

GO 

76 

90 

105 

120 


Anylo 
4G 76“ 
43 75“ 
41 -00“ 
38-25” 
36 ■75" 
33 26” 
30-76" 
28-25" 
26-00“ 
- 18-70" 


PoiiiM'iihatii 
65-46 
62-45 
59-70 
66 96 
54-46 
61 96 
49-45 
46-95 


InsOo-logO, 

■0204 

■0399 

0600 

0799 

■1003 

1217 

•1441 

•1055 


44-70 


Mean -4343 k= 00135, whence k= -00310. 


•00136 
■00133 
00134 
■00138 
00134 
. '00136 
00137 
•00137 


The observations are calculated as follows- The original sugar- 
solution had the rotation 46 75° j after it had been completely con- 
verted into glucose and fructose its rotation was -18-70°. As the 
rotation is proportional to the quantity of sugar present, the total 
angle traversed, viz 46-75° 18‘70° = 66-45°, is the measure of the 
total amount of sugar. The angle after the expiry of 15' is 43 '76°, 
from which 0 is 43‘75 + 18-70 = 62-45 The difference between the 
logarithms of the two numbers is equal to -0204, and this divided by 
0 = 16, the number of minutes from the commencement, gives ‘00130 

^(logCg - logC), given in the last column, is, according to the 

equation, equal to -4343 k, and must therefore be constant As we 
see from the table, this is actually the case ; for the slight variations 
are merely due to the errors of experiment. 

The following table contains the results of the same experiment 
calculated from the formula -dC/d0 = kCj the intervals of 15 
minutes between consecutive readings are taken as d^, dO is the 
corresponding change of angle, and the mean of the initial and final 
values for those times is taken as C. 


15 

15 

16 
16 
16 


15 

16 


-do 0 k 

S-00 63 95 -00312 

2 75 61-08 -00300 

2-75 58-33 00816 

2 60 66-70 00300 

2-50 63 20 00313 

2-50 60 70 -00328 

2 50 48 20 -00336 

2 26 46-83 -00328 

Mean k 00316 


It is seen that the individual numbers vary more than when the 
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other formula is used, and that the average is almost two per cent 
higher. Still the ijcsults obtained in this manner^ are always a 
tolerable approximation, especially in the present case, whore the 
angles could not be measured to less than -25°, and each value of 
dC may be inaccurate to ± 4 or 6 per cent. 

Other Applications of the Equation. — Results similar to those 
obtained by "Wilhelmy for the inversion of cane-sugar have appeared 
later in the investigation of a great number of other chemical piocesses. 
For example, the reduction of permanganate ion by a great excess 
of oxalic acid, the hydrolysis of a dilute aqueous solution of methyl^ 
acetate into methyl alcohol and acetic acid in presence of acids, the 
conversion of dibromosuccime acid into hydrobromic acid and bromo- 
maleic acid, of monochloracetic acid into glycollic acid, the trans- 
formation of atropin into hyoscyamiii by alkalies — all these proceed 
according to the same law, which in no way depends on the substances 
taking part in the reaction : whenever a chemical process takes 
place, so that the amount of one substance only is changed, 
it proceeds according to the formula lgOQ-lgC = kd. This, 
again, is merely a mathematical deduction from the principle that 
the ohcmica] action is proportional to the active mass or concentration. 

Theoretically, as the equation shows, a reaction never can come 
to an end, For, however great the time may be, logOj - logO still 
has a finite value, i.e. there is still some undecompiosed substance 
present Only when 0 = w does logC^ - logO become infinite or 
0 = 0 . 

This theoretical deduction cannot he experimentally verified, 
because all methods of determination are limited and when the 
concentration 0 has fallen below a certain value, it cannot bo 
determined at all, and is not recogiiisably different from zero. The 
limit of ordinary methods of analysis may be placed at ‘001 of the 
original amount ; so soon as the initial concentration has fallen below 
this, zero has been practically reached. A simple calculation, which 
may be left to the reader, shows that after a period ton times as long 
as the time required for the transformation of half the substance, 
the concentration is less than 001 of the initial concentration, ancl 
the end of the reaction has been reached. 

It should bo stated at once that other reactions, which do not 
follow the laws developed above, also theoretically require infinite 
time to come to an end. The ratio between the time required for 
half and for '999 to be transformed, is so different in the other cases 
that the rule does not apply 

Reaction of the Second Order, — IVe come to a second kind of 
chemical process, regulated by a new law, when in its course two 
substances undergo change of quantity We must again assume 
that the action is proportional to the concentration of each present. 
From this it follows that the action is proportional to the product 
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of the two concentrations ; for this is the only function that fulfils 
the condition. - ^ 

At first sight two equations seem to be required to express such 
a reaction, since two substances change in concentration at the same 
time. But the one change is not independent of the other, the 
two being proportional to each other ; and if the cliemical equation 
18 given, the state is completely defined by a single variable. 

Lot ns consider first the case in which an equal number of mols 
of the two substances react together ; the simultaneous change in 
_ concentration of the two substances is the same and can be denoted 
by the same expression, dC. Accordingly the fundamental equation 
for this kind of reaction, known as reactions of the second 
order, is 

-dO/dd = kOO', 

where 0 and C' are the molar concentrations of the two substances. 
By k is again denoted the velocity-coefficient, ie. the velocity of 
the reaction if the concentration of both reagents was maintained 
at unity. 

Here, again, in order to test the law, it is necessary to pass from 
the equation ivhich holds for infinitely small intervals of time (the 
differential equation) to an expression which represents the trans- 
formation accomplished in any finite interval of time. The 
elementary calculation of this equation (the integral equation) is 
so tedious and unconvincing that the result (which is immediately 
obtained by moans of the integral calculus) only is given. Two 
different formulse are obtained depending on whether the initial 
concentrations are the same (i.e. equi-molar) or different. 

If the initial concentrations Cq and Cq' are the same, they remain 
so throughout the reaction, and the integral equation is 

l/0-l/Oo = k^, 

in which C is the common coneentration at the end of the time d. 

An example of such a process is" to be found m the saponification 
of ethyl acetate, investigated by E. Warder (1881). 
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OHEMICAI, KINETICS 


296 


according to theory, ought to be constant. In this case also the 
slight deviations only arise from experimental errors. 

What was said with regard to processes of the first kind applies 
equally to processes of the second. The constant k is determined only 
by the nature of the substances present, the temperature, and the 
concentration ; if we know its value, the whole course of the reaction 
IS fully specified. 

When the two reacting substances are not present in the same 
concentration, the equation is somewhat more complicated, and still 
more unsatisfactory to deduce in an elementary manner. The result 
18 , if the two concentrations are denoted hy and C^', 

]gg^ = (Oo-Co')kd, 

where Ig is the natural logarithm, 0 and O' the concentrations of tho 
two substances at the same instant, after tho interval of time Q. 
This equation also has been tested and found to agree with 
experiment. 

Eeactions of Higher Order — We must now consider reactions in 
which three substances take part. The considerations put forward 
in tho ease of reactions of the second order apply here too, the 
fundamental equation being 

-dO/dd = KCO'C", 

in which 0, 0' and 0" are the concentrations of the three reagents. 

This equation can be integrated for finite times, the form obtained 
varies with the equality or difference of the three initial concentrations. 
They may be omitted here for the reason that reactions of the third 
order seem to occur very seldom; so seldom, indeed, that only after 
prolonged search were such reactions discovered at all. 

Eeactions of the fourth order, in which four different substances 
interact at the same time, have been discoveied and investigated in 
very small number only. 

Investigations of reactions of higher order have shown that many 
‘ reactions which, from the chemical equation, ought to he of higher 
order, are nevertheless of lower order. The cause of this seems to 
be that the reaction does not actually take place as represented by 
the ordinary chemical equation, which expresses tho final result of a 
series of consecutive partial processes, and that these processes may 
be of a lower order than that of the final equation. 

Such investigations afford evidence of the existence of these 
intermediate reactions, and in this way deepen our insight into the 
nature of reactions. 

Incomplete Eeactions. — In all this discussion the assumption is 
made that the processes, the course of which is represented hy the 
equations, are complete and that the products do not react with 
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formation of the original substances. As already stated, this is 
neyev strictly accurate, and the possibility that the reverse action 
really takes place in every case must be admitted. A solution 
of glucose and fructose, for example, in presence of acid must produce 
a certain, in all probability extremely small, amount of cane sugar. 
The equations developed without taking account of this possibility 
represent the experimental results within the limits of error, because 
in very many cases the amount of the reverse action is less than 
the experimental error, and is therefore unrecognisable. Within 
these limits the equations are correct, although theoretically there is a 
certain degree of error. 

There are, however, many processes in which the reverse action 
assumes considerable proportions, neglect of which introduces 
correspondingly large errors. The deduction of the equation for 
such a case is as follows. 

If a substance A^ changes into another substance Aj, and con- 
versely, the velocity of the former transformation is proportional to 
the concentration of Aj, and of the latter transformation to the oon- 
oentratioii of A^ ; the equations for these reactions, if Cj and 0^ are 
the corresponding concentrations, are - dCj/dd = kjOj, and - dCJdQ 

We apply the principle of coexistence to the simultaneous 
course of these two processes, i.e. we assume each of the two opposed 
reactions to follow the law of mass-action, as if the other were non- 
present, except for the change in concentration caused by the other 
substances The actual change of concentration dO is the differ ence 
of the two partial changes dO = dO^ - dOj, since the substance is 
formed by the one process, and destroyed by the other. Introducing 
these values from the two single equations we have . 

-dC/de^kiOi-kjCj. 

This equation can be treated in the same manner as the equation 
for a simple reaction of the first order (p. 290), and has been experi- 
mentally verified. 

The equation for a reversible reaction of the second order is ’ 
obtained in a similar manner : 

-dC/d^^kCiCjj-k'Ci'Ca', 

where Cj and Cj refer to the original substances, 0^' and C^' to the 
products of the reactiou. These four values are connected' by the 
chemical equation, so that if the four concentrations are given for one 
definite instant of time, they are all fixed for any other time, when the 
value of any one of them is known. For dOj must = dOg, clCj' = dC/, 
and dCj = - dCj' , and if the single equations are set down, and 
added up m accordance ivith the principle of coexistence, the above 
equation is obtained at once. 
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This complicated equation has been tested m several cases, and 
has been found to agrpe with experiment. 

This does not by any means exhaust the possible hinds of 
compound reactions. There is no need to proceed further, as all 
of them can bo treated by means of the principle of coexistence, and 
can be solved, theoretically at least. 

Keactions between tWo Phases. — We have still to take up 
reactions in heterogeneous systems, or, in other words, between two 
phases. There is an interface between the two phases, and in it the 
reaction takes place The fundamental law was put forward by 
W enzel; the amounts transformed are proportional to the size 
of the surface of contact. The velocity of reaction also depends, 
according to the law of mass -action, on the concentrations of the 
reagents in the interface As a rule the distribution of the concentra- 
tions in the single phases is not uniform, and the velocity then depends 
on the maimer in which (by diffusion, convection, etc.) the concentra- 
tions in the interface are regulated 

In some of the simpler cases the fundamental law, that the amount 
transformed is, cwteris parihvs, proportional to the surface of contact, 
has been experimentally confirmed. The numerous changes of 
concentration in the interface, brought about by the reaction, frequently 
introduce such complications that theoretical treatment becomes very 
difficult. 

Effect of Temperature. — In conclusion, some observations will be 
made on the constants obtained in these investigations. Under fixed 
conditions of substances (including solvent, if any), of temperature 
and of pressure, velocity coefficients are real natural constants, as 
much as are any other magnitudes which can be measured and repro- 
duced. They may therefore be used for the recognition of substances,^ 
and even for their quantitative estimation, provided the law of mass- 
action holds good. 

Increase of temperature almost always increases the velocity 
considerably There are very few other magnitudes which are 
affected to anything like the same extent “ 

The effect varies to a slight extent with the nature of the reaction ; 
on the average, a rise of temperature of 10“ doubles the velocity. 

Pressure, on the other hand, has a very small effect, large pressures 
being reijuired to cause a measurable difference. 

^ Lator, m ilenling witli Eadioactiiity, wo sliiill conic ncrost, Mili'.tiiiitoa about w-bicli 
]ivacticivUy uotlnng is known except tkefa velocity conaUiits. 

- ynponr piessnics show a .similarly large alteration, ninountiiig to almost a 
numerical appioMinatioii Tina does not .seem to be a mere coincidence, for the active 
mass of litiuuls IS measured by their vapoiu pressiue (ns will be seen lioiii c.onsuleia- 
tiuiis advanced later on), and the velocity ot reaction is propoiUoiinl to the active 
mass ; some anch comieMOii was only to be expected But in addition to thus there la 
the specific eileot of temperature ou the velocity. 

It sliould also be noted, that the velocitj' of leactioii iii g.asooui. systoin.s also clianges 
to about the same extent, and this lelatioii cannot apply to them. 
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Oatalysis. — ^The presence of “foreign'’ substances, i.i. which do 
not appear in the chemical equation, has al^jays some effect. In 
many cases they have very little effect on the velocity, but in others 
it is very large ; in some instances the merest trace of a foreign 
substance will increase the velocity enormously, or reduce it to a 
small fraction. Substances which have a marked influence on the 
velocity are called catalytic agents or catalysers The differences 
are pm’ely quantitative (though they may be extremely great); in 
theory every foreign substance acts catalytically, i.e. changes the 
velocity. 

There are very great differences among the velocity constants, 
embracing the whole region of measureable and observable values. 
The quickest reactions are those between ions in aqueous solu- 
tions : the velocity exceeds our present limits of measurement 
Reactions between organic compounds are usually slow ; hence the 
frequent recourse to high temperatures in closed vessels.^ Most 
reactions between gases, except those at high temperatures, are 
also very slow. If the reactions are technically important, suitable 
catalysers are employed, in order to increase the velocity to a 
sufficient extent. The velocity of metabolic changes in plants and 
animals is regulated by catalysers of widely different kinds. On this 
account catalytic actions are of extraordinary importance, and a 
knowledge of their general laws will have an incalculable influence 
on technical chemistry, no less than on Physiology and Medicine. 

The Laws of Oatal3rtic Phenomena. — Scientifically, catalysis is 
not very far advanced, for, in spite of its importance, and of the fact 
that it has been known for over a century, it has only been 
systematically studied in recent years. The reason is that no 
suitable conception of catalysis was possible before the development 
of the doctrine of reaction-velocity, seeing that catalysis consists 
in changing the velocity of chemical reactions by the 
presence of substances which do not appear in the final 
products of the reaction. 

As to the laws of catalysis, it must first be said that it is a 
very general phenomenon. There is probably no reaction unaffected 
by some catalysers, and no substance which does not catalytically 
affect some reaction. But no general relation has been discovered 
between the kind of reaction and the land of catalyser. It may be 
remarked that substances capable ©f undergoing reversible chemical 
transformations frequently catalyse reactions which are similar to 
these reversible actions. Thus, elements giving _rise to several 
oxidation products which are easily changed into each other, are 
frequently oxidation catalysers, and the corresponding chlorides,^ or 

' Tlio asuimptioii occnsionally inada, tliat tlie preaauro lias a givat effect, ia 
en’oueous. Pleasure is only nfloea.sflry to keep tho aubstaiicea lupild at teraperatiuea 
whicli are anllleiBiitly high to effect a largo uioieasa lii the velocity of reaoUou. 
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the_ elements , themselves, accelerate the , process of chlorination. 
This description, covers^ only a part of the known cases. 

Bat these cases have suggested a theory of catalysis which has 
burned out to he in the mam correct, at least in many cases. It 
consists in the assumption of intermediate reactions of the 
following kind. Let A and B he two substances which interact very 
slowly with formation of AB ; a foreign substance K is now added, 
which reacts quickly with B forming KB; KB is also lapidly 
decomposed by A in such a manner that AB and K are formed. 
The process can now be repeated, and will continue until A or B is 
exhausted, since the catalyser K suffers no loss. 

The first example of catalysis explained in this way (before the 
conception and the name were known) was the formation of 
sulphuric acid by the chamber process from sulphur dioxide, water 
vapour and oxygen with the aid of oxides of nitrogen. In a 
masterly research Clement and Desormes (1806) showed that the 
reaction between snliihnr dioxide and oxygen is very slow, while 
the former is very rapidly oxidised by nitrogen peroxide, and the 
resulting mtno oxide is also very rapidly converted by oxygen into 
the peroxide Thus the final result of the process is the same as a 
direct oxidation of sulphur dioxide; bub the process takes much less 
time, and the catalyser is not used up, as it does not a^ipear in the 
final product, sulphuric acid. 

It seems at first sight improbable that an indirect road, viz that 
, the oxygen first unites with nitric oxide and then goes from it to the 
sulphur dioxide, can lead more quickly to the goal than the direct 
union. Still it does happen so, and it is the task of science to bring 
it into harmony with other known facts. It has been stated already 
that no connexion is known between the energy and the ahsoliito 
velocity of a reaction, such as, for example, that processes in which 
there is the greatest loss of total energy or of free energy, have the 
greatest velocities. Kather they seem to he quite free in this respect, 
and the factors which do regulate them are unknown. It is, therefore, 
no objection to the theory of intermediate reactions that the two 
stages of the indirect method have smaller differences of energy tlian 
the direct reaction. It should rather be a stimulus to renewed effort 
to discover the general law, up to the present unknown, connecting 
the chemical nature of a reaction with its velocity ; more especially 
BO, as we should then he in a position to predict theoretically these 
catalysers, instead of empirically seeking for them, as at present. 

It is difficult to decide whether all cases of catalysis can bo 
reduced to this category, hut it does not seem at all probable. 
Hydnon, for instance, has a very strong catalytic action in many 
widely different cases, in which the assumption of intermediate re- 
actions is not in accordance with our present knowledge. 

Most catalysers have a marked individual character ; m other 
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wottls it IS iQipossiblo to aiTange catalytic effects in groups in which 
the same components have the same accelera,tion factor The only 
comprehensive rule is that in homogeneous systems, liquids in 
particular, the acceleration is proportional to the couceiitra- 
tioii of the catalyser, but only for small concentrations. The 
inversion of cane sugar by hydrion under the same conditions 
13 HO closely proportional to the concentration, that the velocity 
of the reaction is a very convenient method of determining the 
concentration. 

Catalytic Retardation. — -The answer to the question as to the ex- 
i.stence of retarding catalysers, in addition to accelerating catalysers, 
IS that there certainly are substances, the addition of which markedly 
decreases the velocity of reaction. Such cases are comparatively 
few, and in one ease, which has been carefully investigated, the 
retardation’ is a secondary effect, due to the inactivation of a 
catalyser which was present. This case is the oxidation of sulphites 
by free oxygen, which is very strongly retarded by many organic 
substances, such as alcohol, nianiiite, etc. It has been found out 
that extraordinarily small traces of copper ion, far below the oonoen- 
tratioii recognisable by ordinary analytical methods, are present in 
all ordinary solutions, ami cause the comparatively rapid oxidation, 
and that the retarding catalysers convert copper ion into inactive 
complex compounds, so that the reaction proceeds at its natural rate. 
Although this does not prove all catalytic retardations to be caused 
in this way, it is necessary to examine any case of retardation very 
closely before concluding that directly retarding catalysers exist 
at all. 

Reversible Reactions. — Catalytic actions are known both m one- 
pbase systems, gases and liquids, and in heterogeneous systems To 
tbo former belongs the inversion of cane sugar by acids, ie. by 
hydrion. It may be remarked that almost all hydrolytic processes, i.e, 
decompositions with addition of the elements of water, are acceler- 
ated by hydrion. The same is i rue for the reverse processes ; con- 
densations with loss of the oleinents of water. In general a catalyser 
which accelerates agiven process, must accelerate the reverse 
process to the same extent. The equilibrium is practically un- 
affected by the catalyser, so long as its concentration is very small in 
comparison with the amounts of the reagents, since the equilibrium is 
fixed by the energy relations, and can only be disturbed by the 
expenditure of energy, which the catalyser cannot as a rule supply. 
Since, further, equilibrium is the state in which the opposing reactions 
have the same velocity, a catalyser, if it accelerates the one reaction, 
must also accelerate the other in the same ratio It has been experi- 
mentally shown that the addition of a catalyser does not generally 
displace the equilibrium, even when it acts as a very powerful acceler- 
ator, and that the acceleration of the reverse reaction is equally great. 
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Heterogeneous Systems. — The acceleration of oxidations by means 
of platinum and the allied metals is a well-known example of hetero- 
geneous catalysis. So'* far back as the beginning of last century 
Dobereiricr discovered the ignition of hydrogen in air by means of 
spongy platinum,- and based on it his lamp, which has been revived in 
the modern automatic gas-lighter, which likewise depends on the 
action of spongy platinum. The catalytic acceleration of the 
oxidation of sulphur dioxide in air has recently become of technical 
importance in the manufacture of sulphur trioxidc, platinum sponge, 
iron oxide, or other solid catalyser being employed for the purpose. 

Enzymes. — The action of organic ferments and enzymes is 
catalytic Almost all the important physiological processes, such as 
assimilation in plants, digestion in animals, and the oxidation of 
products 111 the tissues, depend on the catalytic action of certain suh- 
stances, whose chemical nature is as yet almost unknown. In many 
respects they resemble albumins, and all lose their activity in aqueous 
solution at fairly low temperatures, between 60“ and 100“. This is 
one reason why life is destroyed at these tempeuitures, for the vital 
chemical functions cannot be performed Avithout these catalysers or 
enzymes. They differ exceedingly in other respects, and exercise the 
most diverse analytical and synthetic functions in the organism. The 
primitive arts of bread - making, brewing, cheese - making, etc,, all 
depend on the action of the enzymes occuriing in small organisms, the 
presence or increase of which brings about the particular processes 
of these arts. 

Antocatalysis. — It frequently Imppens that substances, produced 
or used up during a chemical reaction, act catalytically on the course 
of the reaction ; in 
such 6'ases we have ■ 
a'utocatalysis. 

The most striking 
type of aiitocata- 
lytio actions is 
that m which an 
accelerator is 
formed during a 
naturally slow re- 
action. In this 
case, a long time 
elapses after the 
substances are p,„ 35 

mixed, before the 

process begins “ to go,” i.e. proceeds with appreciable velocity. When 
It has once begun, the increasing concentration of tho catalyser makes 
it faster still, as this effect more than balances the diminution caused 
by tho using up of the substances As soon as these tAvo opposite effects 
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become equal,- the velocity reaches its maximum, and after this falls 
off, since, when the reagents are exhausted, the velocity must fall 
to zero. This is quite different from ordin^iry chemical reactions, 
in which the concentration of the active substances is greatest at the 
beginning and steadily falls oflf during the leaction, the velocity 
following the same course. In Fig. 35 N shows the normal course of 
the I’-elocity with the time, while A represents the velocity of an 
autocatalytically accelerated reaction. 

All example of such xirocesses is the dissolution of a metal, 
e g. silver or coiiper, in nitric acid In pure nitric acid the reaction 
is extremely slow, but is very quick if the acid contains lower oxides 
of nitrogen, which act as accelerators. If the metal is placed in pure 
acid, it remains almost unacted on at first, but as the solution 
becomes richer iii oxides of nitrogen as the metal dissolves, the process 
goes on more rajudly until it becomes violent, When the acid is 
used up, the reaction under any circumstances finally quietens 
down.^ 

' Tlio heating of the solution Iiy tho heat liborated duiing the reaobou acts in 
jireoisely tho .same way as autocatalysis, and induces (togethei with it) explosive 
loactioiis. Still tlio pioccsses desciilicd above occui when suitable means are talicii to 
lteei> tlic tciiipeiatiiru constant. 
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OHEMICAL EQUIUBKIUM OF THE FIRST ORDER 

(Jeneral. — The law of mass-action governs two groups of plienomena, 
as has already been stated : the course of the reaction with time, 
and the equilibrium to which this leads. Both obey the general law 
that the tendency of a substance to undergo transformation increases 
with its concentration. Accordingly, the tendency of a substance to 
be formed during a reaction is inversely proportional to its 
concentration. 

In any chemical reaction the decrease in amount of the original 
substances will diminish their tendency to undergo transformation 
and also the velocity, while the increase in the amount of products of 
the reaction will inorgase their tendency to reunite, aud the velocity 
with which the reunion will take place. The final result will be that 
these two tendencies neutralise each other, and the reaction w'ill come 
to a standstill. 

The same considerations apply if the reaction takes place in the 
reverse direction. If the external ftonditions, such as pressure, 
temperature and concentration, are the same in the two cases, the 
transformation must stop in both at the same proportion of initial 
substances to products. This state is known as a chemical equi- 
librium, after the analogy with mechanical equilibrium. 

It IS characteristic of stable mechanical equilibrium in the widest 
stose that a displacement of the state originates effects which 
resist the displacement, and tend to restore the initial state. 
The same definition applies equally well to chemical equilibrium. 
The effect produced is an alteration in the relative amounts of the 
reagents. There is a fixed ratio for which the system is at rest ; if 
this ratio is changed, a chemical action takes place, the tendency 
of which is to restore the previous ratio. 

It comes to the same thing, if we represent chemical equilibrium 
as a state m which the velocity of the reaction and of the reverse 
action are equal. Since the velocities depend on the concentrations, 
the two velocities can be equal, or the total velocity be zero, only 
for a fixed ratio of the concentrations. 
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IrreversiMe Reactions. — ^When these general considerations are 
compared with common exponcnce of most chemical reactions, there 
is found to be only a partial agreement between them No doubt, 
many such equilibrium states are known, hut there are many more 
in which no equilibrium is apparent, and whieh convey the impression 
of being one-aidccl . only one of the two opposed reactions takes place, 
there being no evidence of the other. 

Thus hydrochloric acid appears to react completely with sodium 
hydroxide with formation of sodium chloride and water ; the reverse 
reaction, the decomposition of sodium chloride by water into 
hydrochloric acid and sodium hydroxide, appears to be impossible. 
Nevertheless, in the very similar reactions, in which ammonia takes 
the place of sodium hydroxide, or earbonic acid that of hydrochloric 
acid, the reverse action is- observable : in the fiist case the solution is 
slightly acid, a sign that a little of the hydrochloric acid is luicombined, 
and in the second it is strongly alkaline, because normal sodium 
carbonate in water is decomposed to such an extent, that a marked 
amount of sodium hydroxide is formed. All the stages exist 
between salts which are certainly partially decomposed and those 
111 whieh decomposition is not recognisable. 

As a generalisation from this examiile we may state that, of the 
equilibria which really exist, we can only recognise the comparatively 
few cases m which the concentrations of all the substances 
participating in the equilibrium are recognisable by ordinary 
analytical methods. As these are always being extended, the 
region of equilibrium is also expanding, and, as no contradiction to 
the generalisation of equilibrium has as yet been found, we may 
regard it as an inrliiction which is experimentally justified 

Apparent Equilibrium. — An important matter must be mentioned 
at once. The above considerations apply to real equilibrium, 
which, according to the definition given, is reproduced if the system 
has been disturbed. The velocity of this process vanes very miioh 
and always becomes smaller in the vicinity of equilibrium. It may 
often happen that a system appears to remain unchanged with time, 
not that it is in equilibrium, but because its velocity of reaction is so 
small that the change eludes observation. The difference between 
these states and true equilibrium is easily recognised, for they are not 
attainable from either side in measurable time, and accordingly, 
they are not r.e-estahlished automatically after displacement 
has been produced. 

In mechanics we have stable, indifferent and labile equi- 
librium; the above definition only applies to the first. Labile 
equilibrium is a mathematical fiction, since the complete absence of 
disturbances, on which the existence of labile equilibrium depends, 
cannot be attained. It is inappropriate to call the state of over- 
cooling, etc. (p. 67 ), labile, and to do so leads to misunderstanding. 
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On the other hand, labile states m a chemical sense are those which 
are inherently unstable, and pass into other states without any 
external interference.'' As not a few chemical reactions proceed so 
slowly that the change is imperceptible, there are very many systems 
which are chemically labile, but seem to be stable within a finite 
time. As regards reactions which proceed rapidly, those 
pseudo-stable systems behave like ordinary stable systems 

There is, however, an analogy with mechanically indifferent 
equilibrium. In mechanics a system is said to be indifferent to 
changes of conditions which do not affect stable equilibrium. In 
chemical equilibrium the quantities of the different heterogeneous ' 
phases come under this heading. A simple example is the equi- 
librium between a liquid and its vapour ; this is absolutely independent 
of the absolute or relative amounts of the two phases : the system is 
111 indifferent equilibrium with respect to alteration of these amounts. 

The Order of Equilibrium. — The various cases of chemical 
equilibrium can be classified in accordance with the number of com- 
ponents participating in the equilibrium. Equilibrium of th e first 
order, in which there is only one component, has been already dealt 
with ill part, in connexion with the changes of the state of aggrega- 
tion, with which were included aUotropic and polymorphous trans- 
formations, The former are often called physical equilibria, in 
contrast with chemical equilibria. This distinction is superficial and 
has no natural basis, for the laws of chemical equilibrium in the 
restricted sense are based on exactly the same principles as is 
physical equilibrium. There are other equilibria of the first order, 
as, for example, the dissociation of nitrogen peroxide, into 

2lir02, of iodine, 1^= 21, and many similar cases, which aro admittedly 
chemical processes. 

In equilibrium of the second order, there are two different 
substances or components; in it aro included solutions, and many 
cases of chemical equilibrium in the stricter sense. 

Components — The components of a system in equilibrium are 
not necessarily its elements. The components are the substances 
by means of which the composition of all the phases concerned in the 
equilibrium can be expressed. If all the phases have the same 
elementary composition (.and can bo changed into each other), there 
is only one component; if the composition of all the phases can bo 
represented as the sum of appropriate amounts of two substances (it 
IS immaterial whether they are present in the pure state or not), the 
equilibrium is of the second order; and so on. A solution of 
magnesium sulphate in water, along with solid salt and water vapour, 
is an equilibrium of the second order ; for every phase can be 
represented by the formula xMgS04 -t- yH^O, in which x and y can 
assume any value (including zero). (See p. 312 ) 

Degrees of Freedom. — A second method of classification is 
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afforded by the Phase Pule (Gfibbs, 1874). We have already seen 
(p, 60) that a pure substance, i.e. an equilibrium of the first order, 
has two degrees of freedom if it exists as a single phase, ie its state 
is not defined unless definite values are assigned to two magnitudes 
on which it depends. If a second phase is added (e g. vapour to 
water), only one degree of freedom is left, and only one magnitude 
can bo arbitrarily varied. On the addition of a third phase all the 
degrees of freedom are lost (p. 100 ). 

If there is more than one component, the number of degrees of 
freedom increases with the number of components, one more for each 
'component. If C is the number of components and P the number 
of phases in an equilibrium, the number of degrees of freedom F is 
given by the equation 

F = C + 3-P. 

This eomparativoly simple formula is of very wide applicability, 
and leads to tho most diverse conclusions, which are, however, 
qualitative only. By means of it, the disputed question whether 
solubility is affected by pressure can be settled at once. Let us 
comsider a system consisting of the solid and the solution in equi- 
librium with it at any given pressure. The number of components 
is two, the number of phases is the same ; there are two degrees of 
freedom, according to the formula One of those is disposed of 
when we fix upon any given temperature ; there remains one degree 
of freedom, aud, in consequence, the composition of the solution must 
vary with the pressure ; this has been demonstrated by actual 
experiment. 

Equilibrium of the First Order. — lu the section dealing with 
abnormal vapour densities (p. 166) several instances were given of 
gases, tho properties of which change under the influence of temperature 
and pressure without any change in chemical composition. The 
earliest known example is nitrogen peroxide, the transformation 
being represented by the equation N 2 O 4 = SNOg. This equation was 
based upon the change lu molar weight obtained from the vapour 
density. But other changes are also connected with this. In 
particular, the vapours in the state represented by the first formula 
are only slightly coloured, and the colour becomes darker brown as 
the fraction of it in the form of NOj increases. 

This change of colour can be employed to determine the ratio of 
the two fi actions, on tho probable assumption that the colour of the 
mixture is the sum of the colours of the components. More frequently, 
use has been made of the density determinations. 

If the value of B in the gas equation pv = ET is found for one 
mol of N 2 O 4 or 92 g. of the substance, it is found to vary with the 
ftemperature and the pressure between the normal value and double 
the normal value, corresponding to tho decomposition expressed by 
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Ihe above equation. If x is the fraction of undecomposed N^Oj, the 
observed value of the constant, denoted by r, for the mixture will bo 
xR + 2(l-x)R, or r=»:R(2-x), whence x = 2-r/R. If, therefore, 
r = pv/T is determined for 92 g. of the (partially decomposed) 
mixture, the degree of decomposition can be found at once. Since, 
further, r and R are inversely proportional to d and D, the density of 
the partially decomposed mixture and of the undecomposod substance 
respectively, the ratio r/R can bo replaced by D/d, and the 
equation becomes x = 2 - D/d. 

Experiments show that d is smaller the smaller the pressure, the 
decomposition increasing with decrease of iiressure. The law for 
this effect of pressure can be deduced theoretically. 

Direct application of the law of mass-action would in this case 
load to the following equation. If we put the effect of each form of 
the peroxide on the equilibrium proportional to its concentration, the 
equation would be a = kb, in which a and b are the coiioentrations 
of and of JSTO.^, and k is a coefficient which may vary with the 
temperature. This equation is not in agreement with experiment, 
for It leads to the conclusion that the ratio of the two concentrations 
is independent of their absolute value, whereas decrease of con- 
centration (decreasing pressure) alters the ratio in favour of NO^. 

It can be seen in a general way, that in this case pressure must 
have some effect upon the degi'ee of decomposition, since this has an 
effect upon the pressiwe, the pressure increasing whan NO^ is formed 
at the expense of NgO^. The volume effect must find expression in 
the equation. The only way of doing this, without contradiction of 
the assumptions made, and without introducing now coefficients, is 
to introduce powers of the concentrations. The equation 
a = kb2 

completely represents the behaviour of nitrogen peroxide with varying 
concentration (or pressure) and constant temperature It has been 
frequently tested and found to be in agreement with experiment. 

In general, if one mol of a gas decomposes into nmols of another, 
and if a and b are the respective concentrations, the equilibrium 
equation for constant temperature, or the equilibrium isothermal, 
is given by the equation a = kb". 

This formula indicates that the concentration affects the equi- 
librium only when n is not unity. If n = l, the two concentrations 
remain proportional to each other ; the degree of decomposition does 
not change if the mixture is subjected to a different pressure, because 
the two concentrations are changed in the same ratio. The equation 
further indicates that a change in the concentration b has a greater 
effect than the same change in a ; for nitrogen peroxide, where n = 2, 
to double b will cause a to increase fourfold, if the equilibrium is to^ 
remain the same. Consequently, the Secomposition must recede 
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when the jaressure is iiioreased, or, in other words, that process takes 
place which opposes the increase of pressure hy partially using it up. 

Theoretical Deduction. — The above equation can be strictly 
deduced from the definition that a state of equilibrium occurs when 
for an infinitely small displacement of equilibrium the total amount 
of work 13 zei'o (p. 13). The work which a gas performs when 
expanding from Vj to v^ at constant temperature is ETlg(v 2 /vj) 
(p, 40), or, since constant temperature, ETlg(pj/p 2 ) 

or R T(lg Pi - Ig P 2 ). Por small alterations of pressure p the work is, 
in the usual notation, d(RTlgp) or RTdlgp. 

■ If the equilibrium is displaced in the system under consideration, 
2 , or in general n, mols of B are produced when one mol of the 
original substance A disappears. The corresponding amounts of 
work ai e 

uRTdlgpu and IlTdlgpA, 

and their sum must be zero, according to the definition Wo 
have n R T d Ig pu - E T d Ig pA = 0 , or 11 d Ig pu - d Ig p v. = 0 , or 
d(n Ig pu) - d Ig p.\ = 0 , or dlgpg = dlgpA. The simultaneous alter- 
ations of the logarithms of and of Pa must be equal j this occurs 
when the two numbers are in a constant ratio, for then their 
logarithms differ by a constant number and their simultaneous 
alterations aro equal. If this constant ratio is denoted by r, we have 

PA = rPn- 

Now the concentrations of the two gases are proportional to tho 
partial pressures Pb and Pa, pA = ha and ps = hb, where h is the 
proportionality factor. Accordingly, putting rh’'"^ = k, we have 

a = kb". 

The Temperature Effect. — It can at once be said, from the general 
principle of equilibrium, that a rise of temperature will bring about 
that process which is opposed to the rise of temperature, i.e. the 
equilibrium will he displaced in such a direction that the reaction is 
acedmpanied by absorption of heat. In the case of nitrogen peroxide 
thia__k the decomposition into the simpler compound, so this will 
increase with rise of tempei'ature. This conclusion is borne out by 
experiment. 

This 18 very clearly demonstrated if nitrogen peroxide vapour is 
enclosed in a sealed tube. While at the ordinaty'temperature the 
contents of the tube are only slightly coloured, the colour becomes 
rapidly darker on heating the tube, and the original c'olour is regained 
on cooling. A similar tube which ie not warmed serves for a 
comparison. 
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An equation for the effect of temperature on equilibrium can 
be obtained in a way similar to that which led to the vapour pressure 
formula on p. 78. It "is based on the principle that the ratio of the 
heat transformed into work to the total amount of heat set in motion 
by a reversible cycle working between two temperatures, is the 
same as the ratio of the difference of temperature to the absolute 
temperature, or 

dlgr/dT = L/ET3. 

The work absorbed when, in a large amount of gas, one mol of a 
gas is changed into n mols of another, is E T (Ig p^ - Ig p'a) - 
n E T(lg pb - Ig p'b), since one mol disappears and n mols result ; the 
new partial pressures are distinguished by a dash. The change in 
this work will be expressed by E T d lg(pA/PB)> and the equation 
representing this change with temperature, or the work gamed in a 
cycle between the temperature T and T + dT, becomes 

ETdlg(pA/p“)/L = dT/T, 

in which L is the amount of heat absorbed during the transformation 
of one mol of the gas Now the ratio Pa/Pb i® equilibrium 
constant r (sec above) ; the equation thus simplifies to 
. dlgr/dT = L/RTl 

This equation (van’tHoff, 1885) agrees in form with that deduced 
for the change of vapour pressure with temperature (p. 79), except 
that on the left side we have the quotient of the partial pressures 
(or powers of them) instead of the pressure. It will be seen later 
that this formula holds for all kinds of equilibrium, the logarithmic 
term always being the equilibrium coefficient referred to the given 
pressure. 

If the variation of r, i.e. of the equilibrium state with temperature 
IS known, the heat of reaction L can be calculated from the equation, 
and me vena. It has been confirmed in many instances of widely 
different nature, and has proved of use in calculating heats of reaction 
which could not be determined directly. Thus, the heat absorbed by 
the decomposition of iodine, Ig = 21, at very high temperatures 
(p. 167) has been calculated to be 119 kj. (Boltzmann, 1884). 

Equilibrium iu Liquids — States of equilibrium similar to those in 
a mixture of mutually convertible gases can occur in liquids which can 
be changed into, each other. Liquid nitrogen peroxide is undoubtedly 
a mixture of the two forms, although NgO^ predominates, and the 
ratio of the two is altered with rise of temperature in favour of the 
simple form, But only the general part of the laws developed for 
equilibrium in gases remains in force, that part relating to the 
direction of the displacement produced by altered conditions . 
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iiioroase of pressure aviII always promote tlie reaction winch is 
accompanied by diminution of volume, and rise of temperature the 
reaction which absorbs beat The quantitative laws, deduced from a 
calculation of the work by means of the gas laws, do not apply where 
the gas laws lose their validity. The gas laws hold for dilute 
solutions, if osmotic pressure is substituted for gas pressure (p. 173) ; 
Imt it is at jiresent impossible to calculate the work in a general 
niaiinor for concentrated solutions, and the equations therefore are no 
longer applicable. 

Heterogeneous Equilibrium. — Further instances of equilibrium of 
the first order arise when several phases are present. The essential 
features of such equilibria have been described in the chapters on 
change of state (jip. 55 and 99) j it only need be added that the 
relations there developed are equally true, whether transformations 
undergone by the substances are isomeric or otherwise. The only 
difference is that equilibrium is usually more slowly attained m 
chemical transformations. 

For instance, liquid nitrogen peroxide has a definite vapour 
jiressure at each teiiijiorature, although neither ns a liquid nor as 
vapour is it a single substance in a chemical sense. Similarly the 
equilibrium between solid cyaimnc acid, IljjOaNgOa, and the vapour 
of cyanic acid, HCJSTO, which is formed when cyanurio acid is heated, 
depends on the temperature only, although a chemical change takes 
place on vaporisation. The same holds for gaseous cyanogen and 
solid paracyaiiogen, which is a polymer of the former. 

The same considerations apply to the equilibrium between solid 
and liquid. A solid and its fused liquid follow all the laws developed 
on p. 99 for the case of simple fusion, no matter how the two phases 
may differ chemically, provided that they are and remain of the same 
composition. The phases do not even need to be single substances , 
wo shall find in the “ cryobydrates ” systems which in the solid state 
may he mixtures of any number of components, and yet obey the 
melting-point laws, because they fulfil the conditions that the solid 
and the liquid phases have the same total composition and are 
mutually convertible These considerations allow us to bring all the 
possible cases of equilibrium of the first order under the laws which 
have been discovej'ed. 

Phases and States of Matter. — In conclusion an important point 
remains to be touched upon. There caniiotbemorethau one gas 
phase in a system, as all gases dissolve each other in all proportions. 
The number of liquid phases cannot exceed, so _^far as present 
experience goes, the number of comjionents present, no equilibria 
of the fir.st order are known with more than one liquid phase, ^ 
Liquids and gases may be pure substances or solutions. Any number 
of solids may participate in an equilibrium; in most instances they 
’ LiqiuiT crjsUl*; aro not to lie legnrdetl iia liqn'nK in the ahove 'len.so. 
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are pure substances. Solid solutions are possible and are known, 
but they seldom occur, aud they will be left out of consideration at 
present. i 

Supersaturation. — In all equilibria between several phases, a now 
phase, which is not yet present, does not necessarily make its 
appearance when it can coexist with the other phases under the given 
conditions. On the contrary, supersaturation must be regarded as 
a general peculiarity of heterogeneous systems, and it appears 
]U8tifiable, on the ground of present experience, to extend the terms 
stable, metastable and labile to all such cases, and not to restrict 
them to the equilibrium between a liquid and its vapour. The eas(5 ‘ 
with which supersaturation can be produced differs enormously, as 
also does the extent of the metastable region. 

If the metastahle region has been exceeded, and a new phase 
appears spontaneously, it is remarkable that the phase which 
appears is not the most stable phase under the conditions, 
but is the least stable, i.e. tbe next in stability to the 
phase which is undergoing transformation. This pheno- 
menon is extraordinarily extensive. For example, sulphur 
always separates from its vapour in the form of drops of liquid, even 
when the temperature is far below the melting-point. Mercuric 
iodide always precipitates from vapour as the unstable yellow form, 
although the transition temperature is about 140°. This phenomenon 
is quite general in character, and is not limited to equilibrium of the 
first order, but holds in all changes of state, and especially in chemical 
reactions in the strict sense. 
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CHEMICAL EQUILIBRIUM OP THE SECOND ORDER 

Oeneral. — ^From the definition of equilibrium of the first order 
(p. 305) we infer that in an equilibrium of the second order 
the composition of all the phases can bo represented ns the sum of 
two components, which may be either chemically simple or compound 
substances. Consequently the order of a given system will depend 
on the hind of transformations and on the external conditions which 
are taken into consideration At temperatures not exceeding a few 
hundred degrees, for example, the possible transformations of water 
are of the first order , but if wo pass to temperatures at which the 
decomposition of water into oxygen and hydrogen is perceptible, the 
equilibrium is of the second order, because the.phases now resulting 
can only be expressed by independent amounts of the components 
oxygon and hydrogen. It is a matter of choice which substances 
are selected, as components j not so the number of components 
Thus there is at high temperatiu’es equilibrium between calcium 
oxide, carbon dioxide and calcium carbonate, and each of the phases 
can be represented by means of two (or one) of these substances ; 
there are therefore two components. Any two of the three may be 
chosen; but if OaCOj, is one, negative ainounts will have to 
bo used This is avoided by taking the other two substances as 
components. 

It must be remembered at the same time that all the components 
are not necessarily present in analytically recognisable quantity 
in every phase, although it is convenient to make such an assumption 
theoretically. As in all probability there is no substance absolutely 
non-volatile or absolutely insoluble, it may be assumed that all the 
components are present in all the phases, but some of them only in an 
immeasurably small amount. 

Solutions. — One of the most important groups m equilibria of 
the second order comprises the two component systems which form 
a phase of continuous variable composition. Such phases of two 
or more components are called solutions; we shall proceed to 
consider their properties move closely. The relations discussed on 
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p. 170 et setj. form only a small, though important part of the theory 
of solutions, and wore there dealt with for special reasons. 

If a solution is ccmsidered by itself, it differs in no way from a 
pure substance, since it has, like it, a fixed density, refractive index, 
etc., and also a definite chemical composition. The essential differ- 
ence between pure substances and solutions appears only when they 
are subjected to transformation, or when several substances of 
similar nature are compared. During transformation into other 
phases the properties of pure substances do not change, W'hile, on the 
contrary, the properties of solutions do vary. Pure substances can 
be changed into other pure substances without residue, while* 
solutions yield other solutions or mixtures. Connected with this is 
the fact that the analytical composition of pure substances changes 
step by step, in accordance with the law of combining weights, while 
the composition of solutions can be changed little by little between 
certain limits, the properties of different solutions being more nearly 
alike, the smaller the difference in their composition. 

To find out, for instance, whether a liquid is a pure substance or 
a solution, we alter the temperature so that it either freezes or boils. 
We follow the process with the thermometer . if the temperature 
remains constant from the first appearance of the solid phase to the 
disappearance of the last drop of liquid, we infer that it is a pure 
substance, if not, that it is a solution. The second inference is 
conclusive ; the first .not quite so, as there are certain exceptional 
solutions (see below) which freeze at constant temperature. Further, 
we may heat the liquid until it boils and follow' the thermometer 
from the beginning until the last drop has distilled ovoy Again a 
change of temperaturo proves that it is a solution, while constancy 
of tempes^ture indicates that it is jirobahly a pure substance, but 
does not prove it with certainty But if a liquid both freezes and 
boils at constant temperatures, we may conoludc that it is a pure 
substance. 

By separating the first or last fractions with different properties 
produced in these processes, and by repeating this treatment, every 
solution can finally be decomposed into a definite number of 
pure substances. On bringing them together again the solution is 
once more obtained with all its former properties. Solutions must be 
regarded as products of the appropriate pure substances, which are 
called its components; foiination and decomposition of a solution 
is a reversible process, so far as the components are concerned. On 
this account it is not usually considered a direct scientific problem 
•to> investigate the properties of a solution obtained in some reaction ; 
it is "first subjected to the fractional formation of new' phases or 
products of transformation, until the solution is separated into the 
pure substance^ composing it. Chemical preparations and syntheses 
consist largely and essentially in separating pure substances from the 
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solutions obtained as the result of the reactions. And, as proof that 
this has been accomplished, the products must be shown to have 
constantboiling- or melting-points. Until this has been attained, the 
operation of fractional separation of the phases, such as fractional 
distillation and fractional crystallisation (from the fused mass or from 
solution) must be repeated, as the substance is not pure, but a 
solution or a mixture 

Gas Solutions. — Gases form solutions with each other under all 
conditions, since all gases are miscible in all proportions (provided 
they do not chemically react with each other). The properties of 
“the product are the sum of the properties of the components ; in other 
words, they are additive. This important law, first stated generally 
by Dalton, provides an answer to all the questions which now 
arise. 

It can be jint in the following very intelligible form • each 
single gas in a gaseous solution behaves in every respect as 
if it alone w'ere present. 

One of the commonest applications of the law is to pressure. 
All the reactions in a gas mixture which depend upon the pressure 
of a gas take place as if each component exerted the pressure, which 
it would do if it alone occupied the space. This pressure is called 
the partial pressure of the component, and it alone counts in the 
problems before us {i.e chemical equilibrium). 

The law assumes the gases to ha uniformly distributed through 
the mixture This takes place spontaneously by tliffusion, if the 
components are left long enough in contact; it is, accordingly, the 
only state which comes into the question of equilibrium. Just as 
a gas can only be at rest in a space when the pressure is the same 
throughout, so a gas solution is not at rest until all the partial 
pressnroa are the same throughout. 

The validity of this law of Dalton is as wide as that of the gas 
laws ; irregularities begin when the density is so great that the gas 
laws cease to represent the actual facts. 

Gas solutions behave like pure gases with respect to temperature 
and pressure, as they follow the laws of Boyle and Gay-Lussac. 
To ascertain whether a gas is pure or a solution, it must be converted 
by cold and pressure into tbe liquid or solid state, observations 
being made whether complete transformation takes place under 
constant or varying conditions (of pressure or temperature). If this 
cannot be done, any other conversion into a liquid or solid phase (by 
solution or absorption, or even by chemical action) can be used, 
Sejiaration can also be effected by driving the gas through porous 
septa (porous earthenware, graphite plates), as components of smaller 
density pass through them from solution more rapidly, and therefore 
accumulate in the first fractions, while no separatidii occurs with 
pure gases. 
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There is little to be said about solutions of liquids and solids 
in gases. If a volatile liquid is placed in a gas, it evaporates just 
as in a vaoiium, for, according to Dalton’s law, its vapour pressure 
IS the same, whether a gas is present or not The law is valid 
within the same limits as Dalton’s law, and irregularities appear 
at higher pressures. 

Another reason for irregularities is that the gas dissolves in the 
liquid, and lowers its vapour pressuie according to the general rule 
(p. 178). This effect is noticeable only wdien the gas is readily 
soluble, and disappears in many cases. ^ 

The same is true for solutions of solids in gases They can 
only occur with volatile solids Their vapour pressures in gases are 
the same as in a vacuum. Since gases do not dissolve to a marked 
extent in solids, they are simpler than solutions of liquids, for this 
cause of irregularities is absent At very great pressures solids 
dissolve in gases to a greater extent than in a vacuum, partly because 
gases then act like liquid solvents, and also because the vapour 
pressure of a solid (and of a liquid) is directly increased by pressure. 
The latter effect is easily understood, if we recollect that pressure 
increases the density of the substance, which then requires a denser 
vapour for equilibrium. 

Solutions of Gases in Liquids. — The behaviour of liquid solutions 
IS much more varied. The laws of dissolved substances in dilute 
solutions have been already dealt with (p. 170); wo have now to 
consider the equilibrium relations occurring in the formation of 
solutions. 

Gases, liquids and solids can form liquid solutions with 
liquids, and the laws governing these three classes must he discussed 
separately. 

The equilibrium between gases and liquids is governed by 
Henry’s law (1803), which states that the amount of gas 
dissolved by a liquid is proportional to the pressure, and 
varies with temperature. Dalton (1805) extended the law to the 
components of gas solutions, the partial pressures alone being 
taken into account. 

As the volume of a gas is inversely proportional to its pressure, 
Henry’s law can be stated as follows: the volume of a gas 
absorbed by a quantity of liquid is independent of the pressure. 

If the quantity of gas in unit volume (of the gas space as well 
as of the solution) is called the concentration, the law can also be 
expressed in thig way, that under given conditions the ratio of the 
concentration in the gas to that in the liquid is constant, inde- 
pendently of the pressure. This ratio is the solubility co- 
efficient, or shorter, the solubility of the gas. 

Bunsen’s'absorption coefficient (1885) is closely related to 
this value. It is tho volume of gas, reduced to 0° and 7 GO mm. 
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pressure, which, ia absorbed by 1 ccm. of the liquid at the same 
pressure; the difference lietween it and the solubility as defined 
above is that the volume is reduced to (f, i.&. is divided by 
1 + '003 67 t. It seems more convenient to give the volume of gas 
for the temperature at which the solubility has been determined, 
but Bunsen’s definition is still largely used, and must be mentioned. 

The calculation of an absorption experiment, in which the volume 
of liquid V has dissolved a volume of gas V at the temperature t 
and pressure p, by Bunsen’s method is as follows ; — the gas volume 
is reduced to normal condition by multiplication with p/76(l + at), 
then by multiplication with 76/p the amount of gas is calculated 
which would dissolve at normal pressure according to Henry’s law, 
then finally division by the volume of liquid v gives the amount of 
gas for unit volume of liquid. The absorption coefficient is thus : 

« = Y 76^__V_ 

^ v‘76(l+at)’p v(l+at)' 

'V 

The solubility, as defined above, is simply A = — . 

Bunsen and his implls have determined the absorption coefficients 
for a large number of gases in water and alcohol at temperatures 
between 0° and 30“. The numbers are not large as a rule, varying 
for the •‘permanent” gases — nitrogen, hydroigen, oxygen, carbon 
monoxide, methane — between 0'02 and 0'06 The easily ooudeused 
gases, such as carbon dioxide, nitrous oxide, sulphur dioxide, have 
coeftieients varying between 1 and 4. These numbers are for water ; 
they are from two to eight tunes as large for alcohol, but the two 
senes are not proportional. 

In most instances the solubility diminishes with rise of temperature. 
This is connected with the positive heat of solution of gases in most 
liquids. 

Those laws are valid to the same extent as the gas laws they 
are limiting formulae, which approximate more or less to the actual 
facts, and usually more so when the solubility is small and the 
pressure low. Still, Henry’s law bolds to within one per cent up to 
4 atmospheres in the case of so soluble a gas as carbon dioxide, 
while all gases show irregularities at 10 atmosjiberes. 

Gases the solubility of which is very large, amounting to several 
hundred times the volume of the liquid, do not obey Henry’s law. 
In such cases there are reasons for the belief that , chemical action 
talcos place between the gas and the liquid, so that part of the 
dissolved gas is chemically changed, and only the unchanged part 
(the amount of which is usually untnown) counts in the final 
equilibrium. In these cases the quantity of gas absorbed increases 
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wliicli occur at low temperatures disappear at higher temperatures, 
where the solubility is less. Thus, sulphur dioxide ohoya Henry’s 
law above 40°, but iiQt below it; ammonia in water does not obey 
the law below 100°. 

The solubility is usually diminished when gases are absorbed in 
solutions of various substances instead of in pure water. 
Dissolved gases are evolved when solids are dissolved in the liquid. 

In some cases, as in those investigated by Eaoult (1874), in which 
sodium hydroxide and potassium hydi oxide Solutions were saturated 
AVith ammonia, it was found that the decrease is proportional to the 
amount of solid Setschenoff (1875) obtained similar results for" 
carbon dioxide and various salt solutions, but, in addition to the 
solution effect, there were chemical reactions between the carbon 
dioxide and the dissolved salts in certain cases, and these complicated 
the phenomena. In the simplest cases the dissolved quantity was 
made up of one iiart independent of the pressure and proportional to 
the amount of salt (the chemically combined part), and of another 
part in simple solution and proportional to the pressure But in 
other cases the first part ivas also dependent on the pressure, though 
to a loss extent than Henry’s laiv demands, there was chemical 
action in these cases, but it ivas incomplete and varied with the 
pressure. 

Supersaturation. — Supersaturation occurs very readily in solutions 
of gases m liquids, probably more easily than in any other case. A 
solution, when brought under a lower pressure than the saturation 
pressure, does not give off the gas, but remains homogeneous. The 
supersaturation must be really considerable before it spontaneously 
ceases. 

If a gas solution is saturated at a given pressure, and the pressure 
is then loiverod, the corresponding amount of gas does not instantly 
leave the solution Extensive contact bctiveeii the solution and the 
gas at the reduced pressure, or better still, another gas in which the 
partial pressure of the dissolved gas is zero, is necessary to remove 
the siipersatiiration. For this reason the addition of porous 
powders, ivhich enclose large quantities of air, or violent shaking, 
which spreads numerous bubbles of gas through the liquid, or, finally, 
boiling the solvent, when the bubbles of vapour have the same effect, 
are particularly effective in this respect. Supersaturation persists 
for a very long time in carefully cleaned (wdth sulphuric acid, alkali, 
etc ) glass ve.ssels. 

On the other hand, each bubble of gas, whether the same or some 
other gas, acts "as a nucleus (p. 68) ivhich assists the formation of 
the new phase. This action is local m its effect; ivhen the bubble 
has risen to the surface, the liquid still remains supersaturated, and 
spontaneously evolves no more bubbles, unless, indeed, a portion of 
the bubble has lemained behind. 
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In this automatic i-emoval of nuclei is to be found the real 
cause of the stability of supersatiiratod gas solutions. When a 
solid separates out from overcooled liquid it remains in it, and the 
crystallisation does not cease until the siipersatiiration is removed ; 
but a supersaturated gas solution expels nuclei which may be present 
and remains supersaturated. 

These phenomena can be conveniently observed with the rerated 
waters (soda water, etc ) used as beverages, which are charged with 
carbon dioxide at a jiressure of about 4 atmospheres. When the 
first effervescence on pouring it into a glass is over, small bubbles 
"^re usually formed at places where the glass has been scratched, and 
some air has been imprisoned, and rise in a fine stream. If the 
glass has been carefully wotted beforehand, the liquid remains quiet. 
Any object to whose surface gas adheres, therefore especially porous 
substances, restarts the evolution of gas. If a clean capillary, closed 
above and enclosing air, is dropped into the liquid, the bubbles are 
seen to rise from the interface of the air and the liquid, shoiving that 
the gas is only set free there. 

Oonsidoration of surface-energy (p. 80) shows that supersaturation 
must take place if gas nuclei are absent. Since the surface tension 
of a liquid tends to diminish the surface, there must be a greater 
pressure in the interior of a spherical bubble than at a iilaue surface 
under the same circumstances, and the theory of capillarity gives for 
this the equation p = 2y/r, where p is the pressure, y the surface 
tension and r the radius of the sphere. If, therefore, a bubble of gas 
is formed spontaneously, it will be under a far greater pressure than 
corresponds to saturation under the given conditions. 

It appears from this that a bubble could not be formed 
spontaneously at all. For, as at the first instant the bubble must be 
infinitely small, the pressure, according to the equation, must be 
infinitely great. The spontaneous formation of bubbles shows that 
the assumption that the properties of a liquid remain the same up to 
infinitely small dimensions, is incorrect. The same conclusion has 
been reached from other considerations (p. 83). If the limit for the 
ordinary properties of liquids is put <at 10"® cm., the pressure in a 
bubble of this radius in water at room temperature is calculated to 
be 15,000 atmospheres. Apparently nothing like this degree of 
supersaturation is necessary to cause spontaneous evolution of gas. 

These considerations are applicable to supersaturation of solids or 
liquids, as a substance must be more soluble, owing to surface energy, 
the more finely divided it is. This might be inferred from the 
analogy of the increased vapour pressure of small drops (p. 84) , it 
might also bo reached from the consideration that the work on 
dissolving another phase is smaller the more energy has been taken 
out by the formation of a common surface with the solf ent. 

Equilahrima between Phases. — The general statement which 
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follows applies to all heterogeneous systems. All phases which 
are in cquilihrium with each other, can replace each other 
in any other equilibrium system, in which one common 
component of this phase is concerned. This is a property of 
the intensity factor of chomical energy (p. 246), the chemical 
potential. Just as two objects which have the same temperature or 
electrical potential as a third object are equivalent in these respects, 
so there is equality of chomical potential between two or more 
phases in equilibrium, by means of which a condition is reached 
chemically, similar to that which equality of temperature produces 
as regards heat. 

To make this important general law clearer, let us think of a 
solution of hydrogen in water, in equilibrium with hydrogen gas at 
atmospheric pressure. A piece of palladium is placed in the solution, 
and it takes as much hydrogen from the solution (if its concentration 
IS kept constant) as from the gas, although the concentration in the 
aqueous solution is 50 times smaller than in the gas, and 50,000 
times smaller than in the metal. 

This rule is a special case of the second law of energetics, and 
the proof is that a perpetiium mobile, of the second kind could be 
constructed if it were not true. Lot ns suppose that palladium 
takes up less from the solution than from the gas. The metal is 
first saturated in contact with the gas, and is then placed in the solution. 
As lb contains more hydrogen than when saturated in contact with 
the solution, hydrogen will leave the metal for the solution, which 
will become supersaturated with the gas. This excess of gas will 
raise the pressure of the gas in contact with the solution, and work 
can be obtained when the gas is expanded to atmospheric pressure 
The palladium can now be again saturated with this gas, and the 
process repeated, an unlimited amount of work being thus obtainable 
by a cycle at constant temperature. This is a contradiction of the 
second law, and therefore is impossible. A similar reasoning apjdies 
if the contrary assumption regarding saturation is made. 

The law of the interchangeability of phases which are in equi- 
librium applies only to the components common to them all. If 
two phases, consisting of the components A, B, C and A, D, E, are in 
equilibrium, and the former is brought into equilibrium with a third 
phase A, E, F, then A, D, E and A, E, F are in equilibrium with i espeot 
to A, bub are not necessarily so ivith respect to E. Attention must be 
paid to this in applying the law of equality of chemical potential. 
The peculiarity is that theie are as many different kinds of chemical 
potential as there are components present, whereas, e g. there is only 
one kind of temperature 

Solutions of Liquids in Liquids. — Liquid solutions are by no 
means so simple as solutions of gases. For one thing there is not 
the universal solubility as with gases ; many liquids only partially 
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dissolve each othor. Then tlie additive law does not hold for liquid 
solutions. It IS rather a limiting case which is very seldom reached, 
while greater or smaller deviations form the rule, 

Those divergences have frequently been studied, without any 
general conclusions having been reached. The volume of a mixture 
of two liquids never is the sum of the partial volumes, but usually 
there is contraction, although occasionally there is expansion. Owing 
to this, it IS impossible to calculate by simple proportion the content 
of a solution from its density , for every pair of liquids (and, strictly, 
for every tompovatiire) the connexion between density and composi- 
' tion has to be empirically ascertained. 

The contraction on mixing two liquids is well shown when a 
tube, one metre in length, is half filled with water, and is filled up 
with a layer of alcohol. When the two are thoroughly mixed by 
shaking up the closed tube, an empty space, several centimetres in 
length, appears in sjiite of the higher temperature. 

Divergences from the additive law are especially groat when 
water forms one coinponoiit, and are least with mixtures of saturated 
hydrocarbons, or their hiilogon derivatives, of esters, etc. Apparently 
liquids which are shown by the surface-tension method (p 168) to 
be more polymerised than the vapour have the greatest effect upon 
each other in solution, and it seems justified to attribute these 
divergences from the additive law to the mutual changes in the 
molar weight of the liquids. , 

Vapour Pressure of Solutions — The most definite information 
oonoenimg the condition of liquids in a solution is got from the 
vapour pressure, or the concentration of the vapour. This is a 
measure of the active mass of the liquid, i.e. of the amount which 
participates in any equilibrium. 

The proof of this consists in the general law of the interchange- 
ability of phases (p. 319), along with the fact that the simple law of 
mass-action holds for gases and vapours 

The vapour pressure of a liquid in its solutions follows simple 
laws, if it forms either a very large or a very small fraction of the 
solution. In the former case we know (p. 179) that any substance 
diminishes the vapour pressure of its solvent by an amount represented 
by the ratio N2/(^i + ^2) Here is the number of mols of the 

solvent (substance present in large amount), and Ng the mols of the 
solute ^ (or siihstaiice present in smaller amount) For the sake 
of brevity we may call + the molar fi action of and 

+ Hg) the molar fraction of N„. 

If the one molar fraction is plotted from left to right on a 
horizontal straight line, and the corresponding vapour pressures on 
' Ttie toriiis solvoiit and solute must not be talcen to mean that there is any real 
diffevenco m belmvionr of the two suhatauces composing the soluticu. No such difler- 
ouoe exists, and the words merely express the relative amounts as stated w the 
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the vertical line, the end of the curve to the right ■will he a 
straight line directed to the axis, Fig. 36. In this region the 
vapour pressure is eqi^al to the 
vapour pressure of the pure sub- 
stance, multiplied by the molar 
fraction. 

To the left, whore the liquid 
contains only small amounts of 
the substance, the ratio between 
partial pressure and molar frac- 
tion is given by Henry’s law. 

Obviously it does not matter at 
what pressure the gas is dissolved 
by a liquid, if a substance can 
form a gas or vapour phase at 
all, its concentration in the solution will be in a constant ratio to 
that in the vapour, so long as the solution is not too concentrated. 
In this region the vajpour pressure curve will also be a straight 
line, which passes through the origin, because for zero amount of 
solute the vapour pressure ivill also be zero, but its direction is not 
necessarily the same as that of the latter part of the curve, Rather, 
the beginning of the curve runs flatter or steeper as the solubility 
of the vapour in the other liquid is large or small. 

If we assume that_^the middle part of the curve takes the simplest 
course, the vapour pressure curve of the one component of the 
liquid solution has the form of a, b, or c in Fig 36. The -first 
form a occurs when the solubility is very small; the form b 
corresponds to a large solubility. The simplest case is represented 
by c, when the partial pressure is equal to the vapour pressure of 
the pure liquid, multiplied by the molar fraction ; the two ends of 
the curve follow the same law, and usually also all through the 
middle portion. 

The same considerations apply to the second component; its 
vapour pressure curve can be any one of the three forms. Theory 
shows that both components of a given pair of liquids must have 
partial pressure curves of the same form; they both belong to the 
same type, whether a, b, or c. 

The results of the few investigations on this subject have shown 
that liquids which are very similar and are not polymerised usually 
dissolve in each other in all proportions, and conform fairly closely 
to type c. Form b occurs with liquids between which there is strong 
chemical action,' while a is found in pairs, which are almost on the 
point of separating (see below). The two partial pressure curves of 
the vapours of a mixture run contrary to each other, and their sum 
gives the curve of the total vapour pressure, which lies between 
the values of the two components. The form of this curve vanes 
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according to the form of the partial pressure curves. The simpler 
types are shown in Fig. 37. 

If they are straight lines, the sum is t)ie same, and we have 
type 1. The rule ean be reversed ; if the total pressure curve is a 
straight line, so are the partial pressure curves 

Curves of the form a in Fig. 36 give rise to total pressure curves 
of the type 2 and 3 in Fig. 37 Such convex curves may either 
rise steadily as No 2, or pass 
through a maximum as No. 3. 
The same difference is shown 
in types 4 and 6, which result 
from the form b. 

Distillation of Solutions. — 
These total pressure curves are 
of importance, because they 
indicate the behaviour of sub- 
stances on distillation or evapor- 
ation. 

The composition of the 
vapour is usually different 
from that of the liquid. The 
direction of the variation is 
given by the total pressure 
° ^ g.. curve, the rule being that the 

composition of the vapour lies 
ill the direction of the ascending side. Suppose the molar fraction of 
the liquid to be represented by a in Fig. 37, then solutions, the 
curves of which are represented by 1, 2, 3, 4, evolve vapours the 
composition of which is represented by a point lying to the right 
of a, while the vapour of 5 is given by a point to the left of a. A 
liquid of the composition represented by b gives, in the case of 
1, 2, 4 and 6, vapours, the composition of which lies to the right of 
b, while for 3 it lies to the left. 

Owing to the evolution of such vapours the liquid changes its 
composition in the contrary direetion, so the general rule is ; 
during aistillation the liquid changes its composition in the 
direction of the descending part of the vapour pressure 
curve, the distillate changes in the direction of the 
ascending part. 

The cause of this is found in the circumstance that these states 
are equilibria. This necessitates that the evaporation at constant 
temperature should change the solution so as to lower the vapour 
pressure, otherwise the change once started would continue 
spontaneously. 

Singular Solutions. — Curves 3 and 6 represent m special case, 
there being a maximum and a minimum. According to the above 
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rule the vapour at these points cannot differ from the liquid in either 
direction, and must have the same composition as it The residue, 
too, is not changed distillation, and such a solution must distil at 
constant temperature, i.e. like a single substance. 

These singular solutions of constant boiling-point have frequently- 
been observed, and were formerly taken for chemical compounds : 
this error survives even to this day That they are solutions is 
shown by the fact that their composition does not usually follow 
any simple stoichiometric ratio. Further, vapour density determina- 
tions show the absence of chemical combination, and, finally, the _ 
composition of the constant boiling-point solutions varies con- 
tinuously -with pressure. 

It follows from this that solutions of two volatile components can be 
separated into their components by distillation only if their vapour 
pressure, plotted against composition at constant temperature (or 
what is practically almost the same, their boiling-point at constant 
pressure), shows no maximum or minimum If these occur, the 
separation by distillation jiroceeds as far as the separation of the 
singular solution from the component present in excess. 

Limited Solubility. — In many cases the mutual solubility 
of two liquids is limited. If small quantities of a liquid B 
are added to a liquid A, they dissolve at first : but when a 
definite concentration has been reached, which depends on the 
temperature (and, to some extent, on the pressure), no more B 
goes into solution, but remains beside the “saturated” solution of 
B in A. The second liquid consists mainly of B, but always contains 
some A. Further addition of B increases the quantity of the second 
layer without altering its composition. In other words, there are two 
saturated solutions ; one mainly A with some B, the other mainly B 
with some A. This phenomenon is general j a liquid A never shows 
limited solubility for B without B also taking up some A to form a 
saturated solution. 

From the phase rule point of mew, the case is characterised by 
the presence of three phases in a two component system, the 
phases being the two layers of liquid and the vapour^ There 
remains one degree of freedom, and if the temperature is fixed, 
thus disposing of one degree of freedom, a change in the relative 
amounts can have no effect on the equilibrium. A change in 
the quantity of the two components will change the quantities 
of the phases, but not their composition ; as that has no effect 
on equilibrium, the conditions of the phase rule are satisfied. 

Critical Solution Point, — The effect of temporaturo on partially 
miscible liquids is usually to increase the mutual solubility. If the 
temperature is measured horizontally and the composition (expressed 
as molar fractions or as parts by weight) vertically, there are two 
values for each temperature, one for each layer. With increase 
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of temperature those points generally lie closer together, i.e. the two 
layers become more alike, and finally become identical. They 
then no longer remain separate, but mix to a uniform whole. Fig. 38 
shows this for some aqueous solutions. 

This transition is so similar to the critical point in the transition 
of liquid to vapour (p. 63) that it is called the critical solution 
point. In general, a critical point is one where two 
phases, after continuous approximation to each other, 
become identical and merge into one 

The critical solution point is usually reached at higher tempera- 
tures, but cases are known where the solubility increases with falling 
temperature, leading to a “lower” critical point. Examples of the 
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former are isobutyric acid and water, phenol and water , of the latter, 
triethylamine and water. 

The composition at which the two solutions are close to the 
critical point is the critical concentration, corresponding to the 
critical density in the simple case. But there is no critical pressure, 
for the critical solution temperature is itself a function of the 
pressure, if the system consists of the two liquid phases without vapour. 
Still, the effect of pressure is so slight that there is difficulty in proving 
it at all. 

Vapour Pressure and Limited Solubility. — The vapoiu pressure 
of such solutions shows the usual variation with composition, until 
saturation is reached. When the solution has separated into two 
layers, further addition of the one component does not alter the 
composition, and only the relative amounts vary. Accordingly, the 
vapour pressure cannot alter so long as the two layers remain, for 
ti depends only on the composition of the liquids, not on their 
amount. Fiu-ther, we may conclude that the vapoiu’ pressure of 
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each layer is the same and not only the total iiressure, but also 
the partial pressures (Konowaloff, 1881). 

The proof of this ,is again found in the rule that what is in 
equilibrium in one way must be in all. If the two solutions are 
in equilibrium when in direct contact, a perpetuum mobile of the 
second kind would be possible if their vapours were not in equilibrium 
too, therefore the vapours singly and together must have the same 
pressure. 

The total vapom' pressure curves for partially miscible liquids 
are shown in Fig 39 ; 
the differences depend 
on whether the total 
pressure in the hetero- 
geneous middle portion 
lies between the pres- 
sures of the pure com- 
ponents, the curve s, or 
above them, r. It can- 
not be below them. The 
behaviour on distillation 
IS seen at once from the 
curve, as on p. 322 j in 
particular, the distillate 
has a constant composi- 
tion independently of the 
relative amounts of the two layers, so long as two layers remain 
in the retort 

Insolubility. — The mutual solubility of liquids may be so slight as 
to elude observation, such substances are said to be insoluble in 
each other. There is every reason to believe that, strictly speak- 
ing, insolubility does not exist, the differences being quantitative. 
Apart from the fact that the limit between soluble and insoluble 
liquids is continually being displaced, owing to the improvements in 
analytical methods, there are theoretical grounds against the 
assumption of absolute insolubility. 

The smaller the mutual solubility, the smaller is the diminution 
of vapour pressure, and the vapour pressure of a mixture of the two 
liquids approaches the sum of the vapour pressures of the 
components. The boiling - point of such mixtures is far lower than 
that of the components, as boiling commences when the sum of the 
two vapour pressures is the same as the external pressure. 

On distillation the two immiscible liquids go over in constant 
proiiortions, independently of the relative amounts in the retort, 
since the vapour consists of the vapours of the components in the 
ratio qf theii' vapour pressures. Since the two amounts are as 
the products of the vapour pressure and the density, or of vapour 
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pressuve and molar weight, the molar weight can be fonncl if the 
vapour pressure is known. 

Generally the vapour pressure is unknown* too. It can be found 
from the boiling-point of the mixture, if the relation between vapour 
pressure and temperature is known for the other liquid. This is, of 
course, below the boiling-point of the more volatile component, and 
is the temperature at which the sum of the partial pressures of both 
vapours is equal to atmospheric pressure. The partial pressure of 
the second liquid at the temperature of their common boiling-point is 
then subtracted from the atmospheric pressure, and the remainder is 
the partial pressure of the other substance at the same temperature. 
The method is not very accurate. 

Suporsaturation phenomena have not been observed with 
certainty in solutions of liquids in liquids. 

Solutions of Solids in Liquids. — Unlimited solubility, which 
always occurs with gases, and is of frequent occurrence with liquids, 
is excluded with solids in liquids ; solubility is limited, and there is 
a state of saturation. When a solid is added to a liquid, at first it 
dissolves ; at a definite concentration, which depends very markedly 
on the temperature but only to a slight extent on the pressure, 
saturation occurs, i.e. further additions of solid lie undissolved in 
the liquid. According to the general laws of phase equilibrium, the 
saturation concentration is absolutely independent of the quantity of 
solution and of solid. 

There are many comhinations of liquids and solids which we are 
accustomed to call insoluble. What has just been said(p. 325) about 
insolubility applies here, and it is better to suppose a certain degree 
of solubility, however small, in every instance. It is just in solutions 
of solids that electrical methods have in recent years enabled 
investigators to demonstrate the presence of solubility, and to 
measure its amount in the case of substances (such as silver bromide 
and silver iodide) which were previously assumed to be absolutely 
insoluble. 

Solubility determinations are made by bringing the solid and the 
solvent together and allowing them to interact at constant 
temperature. The velocity of saturation varies very much with the 
nature of the substances j it is therefore of advantage to increase 
the velocity as much as possible by finely pulverising the solid, and 
by constant stirring of the mixture ^ Either the temperature is 
ascertained at which the (previously weighed) components just 
dissolve, or excess of solid is employed, and the clear solution 
analysed after saturation at constant temperature. The latter 
^ It the solid IS present in vary fine powder, its aoliiLility is increased owing to the 
surface energy effect, just ns the vapour pressure of very small drops is increased. Too 
(iiio division must he avoided, or the mixture must be left to itself for a loug time 
when tlio smallest pni tides will be ‘‘eaten up” by the larger, ic they will dissolve’ 
wliili, tl.e l.erg^:. o.jua giOiv. Tins, process cau ea'iily Ije observed under the microscope. 
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method is usually the more accurate, but the former is more generally 
applicable, and, as it can be carried out in sealed tubes, can be used 
with liquids which cani^otbe exposed to the air, or whose boiling-point, 
lies near or below the working temperature. On the other hand, it 
presupposes a sufBciently high rate of saturation. 

Another form of the second method is to prepare first of all a 
supersaturated solution (see below), and keep this in contact with 
excess of solid at constant temperature, until equilibrium is established. 
Simultaneous application of this and of the ordinary method affords 
the greatest security against errors of saturation. 

The state of saturation in the equilibrium between a solid and its ' 
solution is conditioned by the nature of the solid, and changes with 
it. Thus each allotropic form of a substance has its own particular 
solubility, just as its different states of aggregation have, and the 
values are equal only at points where the different forms can 
exist in presence of each other and of the solution. The 
same holds for the various solid compounds of the solid component 
with the solvent, e.g, the different crystalline hydrates of salts. 
Solubility data are indefinite unless the form of the solid is given, 
to which the numbers refer. 

Supersaturated Solutions. — If no solid is present, the concentra- 
tion of the solution is not fixed. This is true whether the con- 
centration IS below or above the saturation value. Solutions which 
contain more of a solid than corresponds to saturation are called 
supersaturated This state depends on the form of the solid, 
just as saturation does, and a solution can be supersaturated with 
respect to one form, and unsaturated with respect to another. If 
a small quantity of the solid is placed in a supersaturated solution, the 
solid increases in amount until the concentration has fallen to 
saturation point. 

The quantity of solid which will bring about crystallisation is 
very small, but not infinitely small. The limit is about the same as 
that which was found to start the solidification of overcooled liquids, 
and is about lO"® to lO'iO g. As the solubility increases when the 
particles are very small, particles of about these dimensions only act 
on strongly supersaturated solutions, and the supersaturation must 
be greater the smaller the particles are. 

Supersaturated solutions can be obtained by any method which 
permits of the accumulation in the solution of a greater amount of 
the solute than is sufficient for saturation. The simplest way is with 
substances which are more soluble at high temperatures, when a 
solution saturated at a higher temperature is carefully separated 
from every trace of the solid, and is then cooled. But any other 
method, as e.^. production of the substance within the solution by 
chemical means, can be employed, which yields the necessary excess. 

Supersatnration has been moat fully studied in the case of sodium 
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sulphate. When crystallised sodilim suljihate, Na^SO^, lOHjO, is 
added to half its weight of water, and heated to boiling in a flask 
■ closed with a plug of cotton wool, the soiution when cooled is 
supersaturated with respect to Grlanbev’s salt (the deoa-hydrate), and 
crystallises at once on addition of a small particle of it. As ordinary 
dust always contains some of it, crystallisation takes place in a short 
time, if the flask is merely left open. 

If the closed flask is cooled to - 10'', a salt with iHgO separates, 
as the solution first becomes supersaturated with respect to it. The 
supernatant liquid is saturated with the new solid, for the salt 
dissolves on heating and crystallises out again on cooling. But this 
solution remains supersaturated for the decabydrate, and forms this 
salt, whenever a “ nucleus ” of it gets into the liquid. 

Substances dift’or greatly in the ease with which they form super- 
saturated solutions; with some the degree of supersaturation attainable 
is very great, with others very slight. If the degree of super- 
saturation is increased {e.g. by cooling the solution of a substance, 
the solubility of which increases ivith temperature), a point is reached 
at which the solid separates spontaneously. We may then 
differentiate between a metastablo region, following the stable 
region of saturation, and a labile region of greater supersaturation 
(p 69). It IS very difficult to fix the boundary between these 
regions, as it has been shown to depend not only on the nature of 
the substances but also on the presence of foreign solids (dust)' in a 
manner not yet known; none the leas “metastable limits” have 
lately been experimentally 
proved to exist (Miers 1906, 
Hartley 1907). 

Temperature Bffeot.'7-^The 
effect of temperature on the 
solubility of solids in liquids 
is, as a rule, very consider- 
able. The connexion is com- 
monly shown by a graph, 
temperatures on the hori- 
zontal axis, and the concen- 
tration of the saturated 
solutions on the vertical axis. 
Solubility curves mostly 
ascend, i.e. in most cases the 
solubility increases -with rise 
of temperature. A number 
of solubility curves are shown in Fig. 40, the concentrations being 
the weight of solid in 100 parts (by weight) of water. _ A very large 
number of investigations have been made, but they relate almost 
entirely to the solubility of salts in water. Owing to the partial 
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dissociation of dissolved salts into ions this case is the most com- 
plicated of all j this may account for the few vague generalisations 
between solubility anc\ other properties of substances which have 
been discovered. 

As a first approximation it may he said that chemical similarity 
conduces to solubility. Thus, among organic substances, hydroxyl 
compounds as a class have the greatest solubility in water, and the 
solubility is greater the more hydroxyl groups are present. Increase 
in number of carbon or halogen atoms diminishes the solubility in 
water. Further, there is a definite connexion between solubility 
and melting-point; among isomeric compounds the compound with 
the lowest melting-point has the greatest solubility in any one 
solvent. 

A further relation is that the solubility of comparable compounds 
in the sense of the periodic law increases or decreases with the 
combining weight. But this is merely a rough approximation. 

Breaks — An important feature of solubility curves is their ’ 
continuity. So long as the nature of the solid remains the same, 
the solubility curve has no break or discontinuity. Conversely, it is 
certain that, if a solubility curve has a break, the nature of the 
solid phase has undergone a sudden change. This change may be 
due to polymorphism, fusion, combination with the solvent, or 
change in a state of combination ; all those affect the continuity of 
the curve.^ 

Each form of the solid substance has its own solubility. This 
best expresses the above phenomena. At temperatures where two 
different forms of the solid can coexist in contact with the solution, 
then;, solubilities must be the same, otherwise a perpotuum mobile of 
the s^pnd kind would be possible. The two solubility curvofe must 
interse'etrat this point As one of the two forms is unstable outside 
this poink’it is unstable 
also in presence of the 
solution. But it is often 
possible to exceed the 
point, so that the actual 
intersection of several 
solubility curves has been 
experimentally verified. 

The best-known ex- 
ample of this is sodium 
sulphate, the solubility of 
which is represented by 
the curve in Fig. 41, given 
by Gay-Lussac. The 
curve marked lo is that for Glauber’s salt (Na^SO^, lOH^O), that 
marked 0 is the curve for the anhydrous salt. At 33° the former 
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salt turns into a saturated solution in contact with the anhydrous 
salt, and from this point the solubility is that of the latter salt. 
But if all nuclei of Glauber’s salt are rigjdly excluded, solutions 
can be obtained below 33" whi^h are in equilibrium with the 
anhydrous salt; their composition is continuous with that of the 
solutions above 33", as is shown in the figure by the continuation 
of the curve to the left of the intersection. 

The curve 7 is the solubility curve of the salt with 711,0 already 
mentioned (p. 328). 

Heat of Solution. — As a rule, heat is absorbed when solids dis- 
solve in liquids, but the reverse haiipens not infrequently. General 
regularities connecting heat of solution with other properties are 
scarcely known. 

There is an important connexion between the heat of solution 
and the temperature coefficient of solubility, an increase of solubility 
occurring when heat is absorbed during solution at constant 
temperature. Substances which evolve heat are less soluble at 
higher temperatures. The formula representing this connexion is 
similar to that for the connexion between vapour pressure and heat 
of Viiporisation (p 79). This is duo to the similarity of the two 
processes, since it is a change into the state of dilute solution, which 
IS comparable with the gas state. If c is the concentration of the 
solution, and L the heat of solution (absorbed heat being reckoned 
positive), the equation is « 

dlgc/dT = L/RT2. 

It differs from the vapour pressure formula in having the con- 
centration c instead of the pressure p, because heat of solution is not 
quite comparable with ordinary heats of vaporisation, since no 
external work is performed by solution m a solvent, as is the case on 
vaporisation at any pressure. Detailed development of this requires 
higher mathematics. 

It must be remembered, in using the formula, that it is deduced 
on the assumption that the simple laws of osmotic pressure hold for 
the solution. It is therefore not valid for concentrated solutions. 

A further difficulty arises in the latter case, for the heat of 
solution 18 not independent of the concentration, as in dilute 
solutions, but varies with it. If successive amounts of ammonium 
nitrate are added to a quantity of water, the amount of heat absorbed 
18 smaller the more salt has already been added. In some instances 
the sign is reversed; crystallised cupric chloride, for example, 
dissolves in water with absorption of heat, and in an almost satm'ated 
solution with evolution of heat. 

Although the formula does not apply to concentrated solutions, 
the connexion between the sign of the heat of solution and of the 
temperature coefficient of solubility remains. But the beat of solu- 
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tion imist be taken as that in an almost saturated solution, and not 
in pure water. The sign of this heat of solution can ho ascertained 
by making a supersatprated solution of the substance in cpiestion, 
and bringing about a sudden separation of solid by introducing 
nuclei. 

Pressure. — The eflect of prossuro on solubility is given by the 
rulo that on raising the pressure the reaction takes place which 
produces a diminution of volume, or, in other word.s, the reaction 
which opposes the rise of pressure. In most cases the volume de- 
creases when a little salt is dissolved in an almost saturated solution ; 
in this case the solubility is increased by increased pressure. A few 
instances are known in which solution takes place with exjiansion 
{e.g. ammonium chloride in water); they separate out salt when a 
saturated solution is subjected at constant temperature to greater 
pressure. 

As the volume changes are very slight the eflect of pressure is 
extremely small, very large pressures being required to produce 
measurable changes in solubility. For pressures up to a few 
atmospheres the eflect can be ignored, as it is far below the limit 
of analytical error 

Two Solids. — Hitherto we have not taken the possibility of 
changes in the solvent into consideration. It must be taken into 
account, however, for if the solubility curve is continued to lower 
temperatures, the solvent must at last pass into the solid condition. 
Dissolving a foreign substance in a liquid always lowers the freezing- 
point, hut not to an unlimited extent. 

At some temperature below the melting-point of the solvent, 
depending on the solubility of the substance added, the solvent will 
appear in the solid form. Wo then have tw'O solid phases along 
ivith the solution ; if we assume the system to be placed in a vacuum, 
the vapour will appear as the fourth phase, and, according to the 
phase rule, the state is absolutely fixed, as no degrees of freedom 
remain.^ 

The Eutectic Point. — ^There is thus for each pair of such mutually 
soluble substances a definite temperature at which the two solid forms 
and the solution coexist. This is called the cryohydric or eutectic 
point. Its position is given by the following considerations. 

We start with the melting-point of the pure substance A. A 
little B is added, both are molted, and only at a lower temperature, 
which sinks as B increases, can equilibrium be formed with A as 
solid phase in gontact with solution. If we plot the ratio of A to 
B horizontally, the curve slopes to the left and below from T,^, 

^ 111 tlio expeiimeiit, as onliiiarily cameil niit, the system is iinder the piessiire oE 
tlio fttiiiospliere. ,TIie results are liaioly diffeieut from those in a vacuum, since the 
effect of prcissure on tins eqiiilibriimi is vary alight, owing to the very small volume 
change. 
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practically iu a straight line, since the depression of the freezing- 
point IS proportional to the concentration (p. 184). 

The same holds for B , if the eqmlibriun^ temperatures of ' solu- 
tions of A in B are plotted in the same diagram, we obtain practic- 
ally a straight lino, running to the right and downwards from T,,. 

The two solubility curves must intersect at a point K. This point 
is common to both curves, and represents the equilibrium between the 
solution and both the solids, i.e. is the 
eutectic point of the pair of substances. 

It is at once seen from the figm-e 
that the eutectic point lies further 
below the melting-points of the pure 
substances, the nearer the two melting- 
points are. Its position also depends 
on the slope of the two curves ; this 
is given by L/T^ in the formula given 
on p. 188, where L is the heat of fusion, 
and T is the melting-point. 

If we retain the usual nomenclature, 
and denote the substance which is 
present as solid in presence of a 
saturated solution as the solute, and 
the other as the solvent, the curve to tbo right (T,^K) represents 
the solubility of A in B, i.e. the substance present in larger amount 
appears as the solute, and the small additions as solvent. This 
contradiction to our usual representation indicates that it is not 
desirable to make any such distinction between the two components. 
As a matter of fact, there is no scientific justification for the dis- 
tinction, and it is better to apeak of the two components of a solution 
without putting one before the other. 

These considerations show very clearly the behaviour of a solution 
on continued cooling. On cooling the solution, the saturation 
temperature for one of the components is reached (which one it is 
depends on the composition of the solution), and this begins to 
separate. The solution then becomes more concentrated with 
respect to the other component, and the temperature falls. This 
continues until the eutectic point is reached; then both components 
separate out simultaneously. They separate out in the proportion 
in which they are present in the solution, or the equilibrium tempera- 
ture would rise spontaneously, which is impossible. The temperature 
remains constant until the whole has become solid. 

If the original composition of the solution is the same as the 
eutectic mixture, solidification cannot commence until the eutectic 
temperature is reached, and it will proceed from beginning to end 

It is assumed in what follows that superaatunition does not oeour, or w prevanted 
by tho aclditiou of nuclei at tlio appropriate time. 
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at that temporature. This solid mixture will also melt completely 
at constant temperature ; it behaves exactly like a single substance, 
and was at first mistt^kon for such. The cause is that the liquid 
phase has the same composition as the niixtuie of the two solids, 
which brings it under the definition of equilibrium of the first order. 
That It really is a mixture of solids, and not a chemical compound, 
is shown by the fact that all its properties are the sum of the 
properties of the components. 

Supersaturation — The processes of solidification of mixtures are 
comiilicated by supersaturation, which occurs more or less readily. 
This possibility is indicated in Fig. 42 by the continuation of the ’ 
curves beyond the point of intersection. If it is not excluded, the 
system may be taken past the eutectic point some distance along its 
own curve, and tho temperature falls below the eutectic point. Only 
when the labile region is reached, or when nuclei reach the liquid in 
some way, does tho solid separate out. The temperature then rises to 
the eutectic point, the heat of fusion being liberated, but no higher 

Supersaturation in the reverse direction does not appear to occur 
on fusion, so the simple diagram is always followed. As cooling is 
so much more frequently resorted to, it could not be passed over 
without explanation. 

Partial Solubilitjl. — The phenomena described above occur when 
the two substances in the liquid state dissolve in all proportions. 
This is not always the case, partial solubility of the liquids being at 
least as common an occurrence. In these cases the solid melts 
under the solution, and the circumstances are more complicated. 

This phenomenon may he regarded as an extension of the 
simpler case just discussed. One of the solubility curves of Fig. 42 
for solid-liquid is intersected by a solu- 
bility curve of the typo of Fig. 38 for the 
mutual solubility of two liquids. This is 
shown diagrammatically in Fig. 43. 

The portion aKb represents the ordinary 
solubility curves for two solids ; in aK the 
one solid is present with the solution, in 
bK the other component is solid, and K 
is the eutectic point. But at b further 
addition of the second substance B (which 
in the figure is passing from right to left) 
gives rise to a second liquid solution, in 
which B predominates , there are then four 
phases : two liquids, solid B, and vapour. 

No degrees of freedom remain, and increase 
of B has no further effect on the composition of the phases or on the 
temperature.’ Further addition of B only produces an increase in 
the amount of the second solution and a decrease of the first, until 
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at last at o tho first solution disappears. When more B is now added 
an ordinary soluliility curve for solid B and solution is obtained, 
wliicb, extends to f, tlie melting-point of pure B. 

In the region eb ive have equilibrium between two liquid phases. 
So long as solid B is present^ tho system follows the straight line 
eb ; but if it is absent, a degree of freedom is gained, and tho 
temperature can change. In this case the curve bde is obtained of 
tho form shown in Fig. 38, p. 324, for tho mutual solubility of two 
liquids. This curve does not necessarily end at b and e, but can 
be followed to lower temperatures, as indicated by the dotted 
prolongations be and eg. This region is supersaturated for 
solid B. 

Other Oases. — ^These indications by no means exhaust thesubieet, 
but merely illustrate the diverse nature of the questions that arise. 
Only one other relation will be mentioned ; the two curves kb and 
bd, the former referring to the solid phase B and solution, the latter 
to a liquid phase in which B predominates, and the same solution, 
meet at an angle, which is fixed by tho heat of fusion of B in the 
same way as the break in the vapour jiressure curve at the melting- 
point of ice depends on its heat of fusion (p. 102). Solution of a 
solid in a liquid has many points of resemblance to vaporisation, 
and conclusions reached in the one region are easily applied to the 
other, with corresponding new results These are so diverse in 
nature that their detailed study must be left to the larger text-books. 

Solid Solutions. — From analogy there should be solid solutions 
in addition to gaseous and liquid solutions, ie. substances which 
combine with the solid state the essential properties of solutions : 
continuous change in composition and in properties. Van’t Hoff 
(1890) showed that a senes of known phenomena could be classed 
together under the heading of solid solutions. 

In the first place, mixtures of isomorphous crystals exhibit 
continuous alteration in composition and in properties. They are 
therefore examples of solid solutions. Along with isomorphous 
mixtures are ranged the not uncommon mixtures of two crystalline 
substances, which crystallise alone in different forms, hut form 
uniform mixed crystals of the form of the predominant component. 
Naphthalin and naiihthol, benzoic acid and salicylic acid belong to 
this group. 

Then there are the cases where liquids or gases unite with solids 
in varying proportions to form solids, the properties of which vary 
continuously with the composition. The zeolites, natural hydrated 
silicates, are examples of liquid-solid combinations. ' The water can 
be removed to any desired extent from some of these, without 
destroying their homogeneous nature ; they remain transparent, and 
the vapour pressure of water decrease.? with decreaso'iu the amount 
of water they contain. The expelled water of crystallisation can be 
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replaced by otber liquids, such as alcohol, chloroform, carbon 
disulphide, etc., without impairing the tiansparency and homogeneous 
appearance 

The absorption of ghses to form solid solutions is obviously not 
essentially different from that of liquids, as it is an accident of 
pressure whether water or chloroform is a liquid or a vapour. Gases 
which are difficult to liquefy have, as a rule, no groat tendency to 
form solid solutions ; there are stnlcing exceptions, hydrogen- 
iralladium being the best Icnown. Iron also can form a solid solution 
with hydrogen, for when a vacuum is closed with an iron plate, 
which IS then made a kathode in dilute acid, hydrogen is soon found 
in the vacuum. The gas dissolves in the iron and diffuses to the 
other side. 

The essential difference between a solution and a mixture, 
namely, that work can be obtained by the preparation of a solution 
from its components, and that work is therefore necessary to 
separate the solution into its components, is reproduced in solid 
solutions. It is most easily shown in solid solutions of volatile 
substances A dissolved substance must always have a smaller 
vapour pressure than the pure substance at the same temperature, 
for only thus is the above condition regarding work fulfilled. 

The amount of this work is calculated in the following way • 
One mol of vapour is formed from the pure substance at constant 
temperature and at the normal vapour pi-essuro p (the work = BT), 
the vapour is then allowed to expand with performance of work 
[the work = ETlg (p/p')], until it has reached the pressure p', at 
which it is in equilibrium with the solution. It is then absorbed by 
the solution (work - ET). If p is the vapour pressure of the pure 
liquid, p' that of the solution, the work gained in these three pro- 
cesses for one mol of solute is 

ET + ET Ig (p/p') - RT = ET Ig (p/p'). 

The same amount of work must be done in order to separate the 
solution into its components. 

The quantity of solution is assumed to be so great that the 
absorption of the vapour does not produce a measurable change in 
the concentration of the total solution, and with it a change in the 
vapour pressure. This assumption can always be supposed to he 
satisfied. 

Such a diminution of vapour pressure has been actually observed 
in solid solutions, thus their nature as solirtions is verified in this 
direction. 

If this performance of work, or, m general terms, the diminution 
of chemical potential of the solute cannot be proved by direct 
vapour pressnue determinations, it is usually possible to do so in 
some otber indirect way, which is theoretically equivalent to it. The 
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solubility in all solvonts, the electromotive force in cells in 
which the solute is used up, etc., like the vapour pressure, must be 
smaller for the solution than for the pure substance. Judged by 
these criteria solid solutions have generalljf the characteristics of 
solutions. 

Although there can be no question of the qualitative agreement, 
quantitative tests have not led to convincing results, for individual 
good cases are opposed by others which cannot be brought into line 
with them. 

One Phase. — The most general case of equilibrium of the second 
order occurs when the two components unite in one single phase, in 
which they and the products of their interaction are in a state of 
homogeneous mixture or solution. If all the substances are gases, 
the problem of ascertaining the effect of temperature and pressure 
on the equilibrium can generally be solved. This can be done for 
liquids on the assumption that we are dealing with dilute solutions, 
that therefore the single substances form either the largest part or 
only a small part of the whole. The number of degrees of freedom 
is three ; we have therefore to fix the temperature, the pressure, 
and a third variable, e.g, the concentration of one of the substances 
or the ratio of the two components, or (within certain limits) any 
other magnitude relating to the composition, and not till then is 
the system fully fixed, he. the concentrations of all the substances 
present known. 

This diversity is reduced when the number of phases increases. 
With two phases two degrees of freedom remain, until three phases 
one only. These systems are similar in some respects to equihbria 
of the first order with the same degrees of freedom, and the analogies 
with them will be largely used to discover the laws which apply 
here. 

A reaction leading to an equilibrium of the second order may in 
general be represented by a chemical equation as follows ; 

lUjAj + maAg = n;iBj + n^B., + n^Bg + . . . 

where Aj and Ag are the components, B,, Bg, Bg, . . . the products 
and mj, mg, n^, iig, Ug, . . the molar coefficients of the reaction. 
The number of different products which can bo formed from the 
components and can coexist in equilibrium is theoretically unlimited. 
As a matter of fact, they seldom exceed two in number, frequently 
there is only one ; and in other cases it is always possible to split up 
the equation into simpler ones. It will therefore be sufficient to take 
up these two cases. 

As there is only one degree of freedom left in a one-phase two- 
component system after the pressure and temperature are fixed, the 
concentration of the different products which can result is not free, 
but, when one of them is fixed, all the others are fixed. There are 
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relations between tlie concentrations of those substances which allow 
them, with one exception, to be eliminated from the equilibrium 
equation, reducing it to such a form that apparently there is only 
one product of reaction^ 

From the law of mass-action, the equilibrium equation for the 
case of a single product has the form : 

aj*"! a2'"2 = kb'', 

wheie Uj and aj are the concentrations of the components, b that of 
the product, and mj, mj and n are the molar coefficients of the 
reaction. The product of the concentrations of the components is 
therefore proportional to the concentration of the product, after 
each concentration has been raised to the power of its molar 
coefficient. 

The equation can be deduced thermodynamically in exactly the 
same way as the gas equilibrium of the first order (p. 308), by 
making use of the jirinciple of virtual alterations in energy. If the 
pressures corresponding to the concentrations aj, aj and b, are 
denoted by pj, pg and q, the virtual work is 

m^RTd Ig Pi + mgRTd Ig pg - nRTd Ig q, 

and the condition that this value shall be zero leads to the equation 
= rqn. The pressures are proportional to the concentrations, 
and thus the equation is identical with the one given above, 

a = kb". 

Illustration. — Hydrogen Iodide — ■ Hydrogen iodide affords an 
example of this kind of chemical equilibrium. It decoinposea into 
hydrogen and iodine at temperatures about dull red heat, and is formed 
from them at the same temperatures. Both reactions are incomplete 
and lead to a chemical equilibrium represented by the equation Hj 
= 2 HI. The equilibrium equation is aja2 = kb", from which the 
following behaviour can be predicted. 

(a) The equilibrium is independent of the pressure or concen- 
tration. For the same factor is added to each concentration and 
therefore falls out of the equation. The ratio of the concentra- 
tions, and not their absolute value, is the factor for the equilibrium. 

This is not the case in all equilibria of the second order, but only 
in those in which a common factor cancels out in the manner described. 
This occurs when the sum of the molar coefficients is the same on 
both sides of the equation, i.e. -when mj^ -i nig = n. This condition 
may be stated in this way : neither the pressure nor the volume 
of the gas mixture is changed by the reaction. It is readily 
intelligible, from the rules already given, that a reaction which does 
not alter the pressure is itself not affected by pressure. 

Tins is fully borne out by the experiments on hydrogen iodide. 
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(b) The concentration of none of the substances can become zero. 
The more one of them is increased, e.g. hydrogen, the less there is 
of the other, e.g. of iodine, but they vary within finite limits. 

(c) If a small quantity of iodine vapour i5 added to pure hydrogen 
it is not completely converted into hydrogen iodide, but only to an 
extent which depends on the value of k; so long as the amount 
added is small, the quantity of hydrogen iodide is proportional to the 
quantity of iodine. This is seen if the concentration of hydrogen 
in the equation is assumed to he constant. 

{(1) The equilibrium is not altered when the concentrations of 
iodine and of hydrogen are interchanged, since their product remains 
constant. This, too, is not always the case in equilibrium of the 
second order ; it only occurs when m^ = m^. 

(e) For the same total pressure the quantity of hydrogen iodide 
is greatest when the iodine and hydrogen are present m equivalent 
quantities. This is because the product of two factors, the sum of 
which is a constant, has the maximum value when the two factors are 
equal. 

All these conclusions have been confirmed experimentally. 

Other Examples. — ^The equilibrium between phosphorus trichloride, 
chlorine and iihosphorus pentachlorido is another case. The chemical 
equation is PCI3 + Clj = PCI5, and the equilibrium equation is 
a^Rj = kb. 

In this case pressure does affect the equilibrium, for when all the 
concentrations are multiplied by a constant factor it does not cancel 
out, and the equation becomes incorrect. It is evident that if aj and 
Rg are trebled, b must be increased ninefold to keep the equation 
correct. When the pressure is increased, therefore, the amount of 
the compound increases at the expense of the components, and 
conversely. As the volume is reduced to one-half by the formation 
of the compound from the components, it is clear that the reaction 
which occurs is the one that meets increased pressiue with diminution 
of volume. If the space is enlarged, more of the components is 
formed ; here, too, the pressure is not reduced so much as it would 
be, had no reaction taken place. 

The earlier experiments on phosphorus iientachloride confirmed 
the above conclusions from the laws of equilibrium only in broad 
outline, but recont more accurate numerical tests have frequently been 
made. 

If the components react with increase of volume, the behaviour 
would be the reverse of that described above ; decomposition 
would incroase when the pressure was raised, and diminution of 
pressure would favour formation of the compound. No case of this 
kind IB known. 

Temperature Effect. — The same considerations apply to the effect 
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of tomporafcuro as were used la the corresponding cases of 
equilibrium of the first order. The work corresponding to the • 
disappearance of and mols of components and the appearance 
of n mols of jiroduet is Vopresented by 

miE,T(lg Pi - Ig p'l) + m„E,T(lg p, - Ig ii'^) - nRT(lg q - Ig q'), 
and the alteration in this work for a small displacement of temperature 
is RTdlg(pi"up2'"2/q'’). The expression in brackets is the equilibrium 
constant at the given pressure,' and we again obtain the formula 
dlgr/dT = L/RT2, 

whore L is the heat of reaction for complete transformation according 
to the chemical equation m^A^ + m„Aj = nB. 

It is more plainly seen from this deduction than from that given 
on p. 309, that the same equation, d Ig r/dT = L/RT", is always 
obtained, whatever the number of components and the order of the 
reaction may be In later cases it will not be necessary to deduce 
it at length. 

The equation predicts, as formerly, that the equilibrium is dis- 
placed by rise of temperature in the direction of heat absorption, 
and the rise of temperature is less than if no reaction had taken 
place. This reaction is by no means necessarily the decomposition of 
a compound. In cyanogen, acetylene, ozone, nitric oxide, and other 
substances, we have compounds which contain more energy than the 
components. Accordingly, high temperatures do not favour decom- 
position of the compound as usual, but, on the contrary, increase the 
amount of the compound at the expense of the components. It has 
also been observed that at the highest attainable temperatures of the 
electric arc, carbon (which can here be regarded as a gas) readily 
unites with nitrogen and with hydrogen, forming cyanogen and 
acetylene respectively. 

It is not theoretically or experimentally justifiable to assume, as 
is often done, that all compounds decompose at very high temperatures. 
The conventional deduction from the kinetic theory, that compound 
molecules must finally be split up into single atoms with rise of 
temperature, because the collisions become more and more violent, 

IS in agreement with the current error, and in contradiction to 
both experiment and the rational theory of chemical equilibrium. 

So far no plausible explanation of this contradiction has been 
suggested, 

The result obtained when L = 0 is worthy of notice. In general 
the heat of reaction changes with the temperature, and it can quite 
well happen that it passes through zero. Then dlgr = 0, i.e. equilibrium 
will be independent of temperature at this point. If the heat of 
reaction changSs in the usual manner with temperature, passing from 
positive values through zero to negative values (or in the reverse 
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manner), r will first increase and then decrease (or the reverse), i.e, 
the equilihrium constant passes through a maximum (or minimum) 
value. 

Hydrogen iodide appears to ho an instance of this, but the 
measurements do not prove it with certainty. 

Equilibrium in a Liquid Phase. — Liquids, as well as gases, can form 
one-phase equilibria of the second order. But all that remains of the 
quantitative laws is the qualitative relation between the change of 
conditions and the direction of the displacement of equilibrium. 
The form of the equations was obtained by calculating the work 
performed in the formation and disappearance of the components 
and their products ; they cannot be calculated accurately except for 
perfect gases and dilute solutions. 

Nitrogen peroxide is an illustration of the latter kind. It 
docomposos in solution in an indifferent solvent, such as chloroform, 
hexane, etc., into the simpler compound, as shown by the equation 
N.^O^ = 2NO.,, and follows tho same laws as if it were present in the 
state of gas (ji. 30f>). But the coefficient k is not the same as for 
the gas, and it vanes with tho solvent; in general the degree of 
decomposition in tho various solvents is much smaller than in the 
gas at tho same concentration. 

If the solution is not dilute, calculation of the coelficient k from 
tho o.Yperiiiicntal data according to the simple mass-action equation 
does not give a constant value. The reason is that the concentra- 
tion of the substances is no longer equal to the number of mols 
present divided by the total volume. The question, to what 
magnitude tho significance of concentration is to be attached, must 
receive a different answer according to tho circumstances, In many 
c.isos the concentration can bo replaced by the “molar fraction,” i.e. 
tho r.atio of mols of the given substance to tho total number of mols 
in the mixture. This presupposes a knowledge of the molar weight 
in the liquid state, and this may not only be different from that of 
the same substance in the state of vapour, but varies with temperature 
and ( lie nature of the other substances present. 

Compounds with the Solvent. — Numerous and extensive investiga- 
tions liave been made in one special case of equilibrium in liquids, 
namely, where tho solute decomposes into ions. As already stated 
(p. 192), this occurs when salts dissolve in water, and it is fairly 
probable that the ions do not consist of parts of the salt alone, but 
that the solvent water takes part in their formation ; that the ions, 
therefore, are to bo regarded as hydrates of the salt radicals. Ionic 
equilibrium will be fully dealt with later ; all that will be said here 
concerning the above statement is that the question, whether ions are 
hydrate.s or not, can not bo answered from the laws of dilute solutions. 
The molar fraction, n/(n -i- N), which decides tho lowering of vapour 
pressure and of the freezing-point, becomes n/(N + n - m), if m mols 
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of water -are taken np by the n mols of solute, and arc consequently 
withdrawn from the solvent. But owing to the assumption that the 
solution is dilute, this change in the molar fraction is so small as to 
bo indistinguishable froln the experimental errors. If we attempt to 
increase the effect by using more concentrated solutions, it is doubt- 
ful whether the simple laws still hold, and any irregularities which 
may be observed cannot with certainty be put down to the formation 
of hydrates 

As the same argument applies in all cases of combination between 
solvent and solute, it is very difficult to prove the existence of such 
compounds in the homogeneous solution, and our knowledge of them 
is very slight. The only indications, for it does not amount to 
proof, are the deviations from the additive scheme shown by 
solutions; the more the properties of the solution differ from the 
sum of the properties of the components, the more probable is the 
conclusion that chemical action has taken place between them. 

The colours shown by iodine in various solvents is an illustration. 
In carbon disulphide and chloroform it forms a reddish violet 
solution ; solutions in ether, petroleum and other liquids are brown in 
colour; further, the colour changes with the temjierature. Molar 
weight determinations give the same molar weight, Ig, in both kinds 
of solutions ; the most probable cause of the difference remaining is 
the formation of eomiionnds between the iodine and the solvents. 
Closer investigation of other properties of such solutions might yield 
further information in this direction. 

Concentrated Solutions. — The question now arises, how may the 
“ active mass ” be determined, ie. the amount which represents the 
substance in the equilibrium equation, if tbo equation is to retain its 
form A general method of determining this amount experimentally 
is the estimation of the jiartial pressure of the vapour of each 
substance in the mixture. From the law of substitution of one 
phase by another with which it is in equilibrium, or the equality 
of the chemical potential of the substances concerned in such 
equilibrium, the active mass in the liquid state must be 
replaceable by the concentration in the va2iour, and the latter 
IS an unambiguous measure of it. 

It follows from this that the substances when present in the same 
ratio as in the vapour phase, as constituted from the solution 
according to the partial pressures, must also be in equilibrium, or a 
perpetuum mobile of tho second kind could result. Wo further see 
that in dilute splutions the same equilibrium laws must apply, as in 
gases. For the concentrations in the solution are proportional to 
those in the gas or vapour (Henry’s law, p. 315), and the simul- 
taneous presence of other gases has no effect on this relation 
(Dalton’s law). 

The law of mass-action must apply to dilute solutions, just as for 
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gases, tlio only difference being the introduction of constant factors, 
wbioli are fixed by the solubility coefficients of the vapours in 
question. 

From this point of view it is easy to specify in what oases 
the active mass in solutions of finite concentration can be put down 
as proportional to the molar fraction. This is permissible if the 
partial pressure of the vapour is equal to the pressure of 
the pure liquid, multiplied by the molar fraction. It has 
been already indicated in what cases an approximation to this has 
been observed. 

The formula for the effect of temperature on equilibrium in a 
liquid system loses its numerical value when the concentrations of the 
liquids are finite. But, since it can be empirically established that the 
active mass of a substance always increases and decreases at the same 
time as the concentration or the molar fraction, the rule that at 
higher temperatures the reaction takes place which absorbs heat can 
still be shown to be true. 

One Solid Phase and a Gas. — ^The simplest two-phase equi- 
librium of the second order is that between one solid phase and a gas. 
Except in the comparatively uncommon case of solid solutions (p. 334), 
the solid can bo regarded as of constant composition. Consequently, 
the partial pressure of its vapour will depend only on the temperature ; 
and in a vapour phase, which is in equilibrium with the solid, the 
concentration of this component at a given temperature can have 
only one value. Its concentration can therefore be replaced in the 
isothermal equation by a constant, the expression being simplified by 
this process. 

Consider the simplest case, the reaction m^A^ + mjAj = nB ; there 
are two possibilities. Either one of the components, or Aj, or 
the compound B can bo present in tbe solid form. The form of the 
equilibrium equation differs in the two oases ; introducing tbe constant 
concentration into the coefficient k, we have the two equations : 
a’“ = kb", and a,”'m2’"- = k. 

In tbe first the iiowers of the couoontrations of the variables are' 
directly proportional ; in tbe second they are inversely proportional 
or their product is a constant. 

The second case has been more thoroughly investigated than the 
other. The ammonium compounds of many gaseous acids are 
instances of two gases uniting to form a solid compound The laws 
relating to those cases were first tested experimentally and confirmed 
on these substances (ammonium hydrosulpbide, ammonium carbonate, 
oto.) by Isarabert (1881). 

Ammonium hydrosulphide will serve as an illustration; it is 
formed from equal mols of ammonia and hydrogen sulphide according 
to the equation 
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NH3 + H2S = NH,HS. 

In the eqinlibrinm equation the two exponents m are equal to unity, 
and its form is i 

aja2 = k 

By suitably changing the constants the concentrations can be replaced 
by the partial pressures, which can bo measured directly, the equation 
becoming pjp„ = r. From it the following conclusions may be drawn. 

If neither gas is in excess in the vapour, p,^ always remains equal 
to Pj. From this, equilibrium must result at a fixed pressure, 
P“ ^PiP2= solid, although the gas it sends out is a 

mixture, behaves like a single substance, with a vapour pressure 
varying only with the temperature. This can be arrived at from 
another point of view. The assumption is made that the gas phase 
has the same composition as the solid; this is the definition of 
equilibrium of the first order, and under this condition the system 
must behave like one of the first order. This has been so fully 
confirmed by observation that it was a little difficult to realise at 
first that the results would be different when the gases wore not in 
equivalent amounts. 

This “dissociation pressure” varies with the temperature, and 
increases with rise of temperature just as vapour pressures do. The 
formula is d Ig p/dT = L/RT®, in which L is the heat of formation of 
the solid from the gases. The justification for treating the reaction as 
one of the first order indicates the proof of this equation. 

If the two gases arc present in the gas phase in different amounts, 
the total pressm’e is not comparable to that of a single substance ; it 
is greater and varies with the volume even when the temperature is 
kept constant. This follows from the following consideration 

If the volume is diminished at constant temperatime, part of the 
gases separate out as solid compound. Equal volumes of the gases 
disappear, and the ratio of the two becomes more unequal the smaller 
the total volume. The total pressure is Pi + Poj according to the 
law of mass-action the product pjPj is constant But the sum of the 
two factors of a constant product is greater the more unequal the 
factors are; the total pressm-e is greater the smaller the total 
volume is made for any given excess of one gas. The equation is 
symmetrical for the two components, i.e. equal excess of either 
component has the same effect on the total pressure. 

If, on the contrary, the volume is increased, the total pressure 
diminishes ; its limit is s/r for equal amounts of the two components. 

Ammonium carbamate difiers in some respects from the hydro- 
sulphide. It is formed from two volumes of ammonia and one H 
carbon dioxide^ the chemical equation being 2NHj + COj = NH^CON of 
and the equilibrium equation a;i®aj = k. The concentrations of the 
two components are not symmetrical; if the ammonia conoentra- 
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tion is doubled, that of ctirbon dioxide will fall to a quarter, in order 
to preserve equilibrium. 

This was foroseen theorotieally before it had been observed; it 
was confinnod by an investigation specially directed to that end 
(Horstmann, 1873). 

The relations developed above retain their validity whether the 
vapour pres.suro of the (undecomposed) solid is measurable or not, 
i.e. whether it is present in mensurable amount in the vapour phase. 
In most of the cases investigated it is not present in appreciable 
amount; the vapour does not contain sufficient of the compound to 
be detected by the density (which for the above compounds is respect- 
ively 2 and times as great as for the mixture of components). 

Notwithstanding this, it is more rational to assume the presence 
of the compound in the vapour, for the reasons already given (p. 326). 
There is no independent ascertainable difference between the cases in 
which a finite vapour pressure has been observed and the others; 
the limitation is rather one of our analytical methods, and is therefore 
not final. On the other hand, tlie theoretical assumption that all 
siilistancos are volatile to a definite extent, oven though it is often 
excessively small, has not led to any consequent contradiction of 
observation, so that it may confidently be used m further applications. 

When a gas acts upon a solid with formation of a second gas the 
ciroiimstancos are different. The case of nickel carbonyl, Ni(CO)4, 
has been fully investigated ; the jiheiiomena to be e.xpeeted can 
easily be predicted with certainty. Lot us imagine, for illustration, 
that a metal unites with chlorine to form a volatile chloride, which at 
the given temperature partially decomposes again into its components, 
so that equilibrium occurs The chemical equation is 2Me h- nClg = 
2MeCl„, and the equilibrium equation is a'' = kb“. In this case an 
increase of pressure of one gas will cause an increase of pressure of 
the other gas. If n = 2, the ratio of the two pressures remains con- 
stant ; if n is different from 2 the ratio changes, hut they increase 
or decrease simultaneously. 

Two Solid Phases and a Gas. — ^Tho case is still simpler if two 
solid phases appear. To this group belong the chemical equilibria 
of heterogeneous systems, which formerly were studied under the 
name of dissociation. It was a fuller knowledge of dissociation 
which finally dispelled the view, at one time prevalent, that 
chemical reactions were always complete. 

The laws governing this equilibrium are obtained from the 
general formula by making two of tho concentrations constant. It 
is obviously of no consequence which of the values of the typical 
equation ai"*! a„“a = kb" they are, for tho equation in any case 
becomes a = K, i.e. there is only one variable concentration ; or in the 
language of tho phase rule, three phases and one degree of freedom. 

Such a system behaves like a volatile single substance; there 
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is only one equilibrium concentration or pressure possible for each 
temperature, and this is independent of the amounts of the sub- 
stances. The essential diflerenco between the two cases is that t\v o 
solid phases are ueceAary to fix the equilihrium, and that the 
equilibrium is indefinite if only one is present. This import- 
ant point is frequently overlooked, and even at the present day 
wo find researches on the decomposition pressures of such systems, 
in which the question, what are the two solid phases, is unasked and 
unanswered. 

One of the earliest cases investigated is the decomposition of 
calcium carbonate into calcium oxide and carbon dioxide. The 
solid phases are calcium oxide and calcium carbonate, carbon dioxide 
is the gas phase, and Debray (1867) showed that the decomposition 
gives rise to a “dissociation pressure” which has a fixed value for 
each temperature. If the pressure is greater than this, gas is ab- 
sorbed by the calcium oxide, until the normal iiressure is reached ; 
if it IS smaller, calcium carbonate decomposes until the normal 
pressure is reproduced. 

It has since been found that the matter is not so simple as 
Debray thought it to be; in particular, a subcarbonate seems to be 
formed, and this introduces another constant in the equilibrium. 
This has been proved to occur with barium carbonate 

Another much studied example is found in the efflorescence 
of salt hydrates. Mitscherlich (1844) measured the vapour 
pressure of efiiorescing Glauber’s salt, and it is clear that he regarded 
it as purely a temperature function. This was first expressly stated 
as a law by Wiedemann and Debray (1866 and 1868), who made 
experiments to establish it. Later, fairly extensive investigations 
have shown that the amounts of the solid phase really have no effect 
on the pressure; and that the pressure of a partly effloresced salt 
hydrate vanes only with the temperature. 

It was for a long time overlooked that the nature of the effloresced 
product has as important an effect on the vapour pressure as has 
the original hydrate. Different pressures are obtained when 
the same hydrate forms different effloresced products. 

Calcium chloride is an example of this imiiortant rule. It usually 
crystallises with GHgO , there are, further, two different hydrates 
with 4HgO, one being an unstable form with respect to the other. 
The vapour pressures of the hexahydrate are different, according as it 
has effloresced to one or other of the tetrahydratos ; it is greater 
with the more stable hydrate. 

The latter seems to be in contradiction to the generalisation 
that the vapour pressure of the more unstable compound is greater 
than that of the more stable (p. 104) The contradiction disappears 
on closer inquiry into the process. Suppose the two systems, the 
hexahydrate with the stable tetrahydrate, and the hexahydrate with 
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the TOBtable tebrahydrate, placed, in tlio same space ; water will distil 
from the region of greater v.ipour pressure to that of less, i e. from 
the stable to the unstable hydrate. Consequently, in the former 
system a part of the hexahydrate will he ’turned into the stable 
tatrahydrato, and in the latter an equivalent amount of the unstable 
totrahydrato will pass into the hexahydrate. The result is that the 
unstable form will diminish, and the stable form will increase, the 
total quantity of hexahydrate remaining the same. This is exactly 
what would be expected ; it would also happen if the two systems 
were brought into direct contact. 

Other cases in this group are the ammonia compounds of many 
salts {e.g. of metallic chlorides), which easily dissociate into the salt 
and ammonia. The equilibrium here, too, is dependent only on the 
temperature ; the amounts of the two solid phases have no effect on 
it, bub any change in the nature of a solid phase alters it. 

The effect of temperature on the dissociation pressure is 
directly connected with the heat of formation of the compound. As 
there is only one variable component in the gas phase, the formula 
simphiles to the vapour pressure formula of a homogeneous substance 
If L is the heat of fixation of one mol of water vapour by the 
effloresced product with formation of the higher hydrate, the equation 
(p. 79) is d Ig p/dT = L/ET''* Subtracting the corresponding equation 
for water, the pressure being denoted by pw, d Ig p^/dT = W/RT^^, in 
which IV is the heat of liquefaction of one mol of water vapour at 
the same temperature, we have dlg(p/p„)/dT = (L- W)/RT^. The 
difference L-TV is no other than the heat of combination of liquid 
water with the effloresced product, and as this is the magnitude 
usually determined, the equation affbrds a direct comparison with 
the observed results. 

Measurements of the vapour pressures of a number of partially 
dehydrated salts at different temperatures, and tbermochemical 
determinations of the boats of hydration enable us to test the equation. 
Owing to the inaccuracy of the earlier measurements the calculations 
gave results which were so contradictory that they seemed to disprove 
rather than confirm the theory, but later investigations (Frowein, 
1887) with more refined methods of measuring vapour pressures 
brilliantly confirmed the theory. 

The behaviour of salt hydrates on exposure to air is now easily 
explained from what has been stated above. As is well known, 
some effloresce at room temperature (Glauber’s salt), while others 
(borax) usually retain their water of crystallisation, but effloresce in 
some circumstances. Others, again (nickel sulphate), do not effloresce 
at all at room temperature. 

The explanation is as follows : air is not usually saturated with 
moisture, bub oonUiiis only -6 or '7 of the water'' vapour, which 
could be present at the temperature.' Accordingly, all hydrates 
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wliicli in contact witli the effloresced iiroducfc give a relative vapour 
pressure of over ‘7, will lose ivater and effloresce; if the vapour 
pressure is much below '6 they will remain uneffloreseed, and if 
the relative vapour prelsure lies about the limit, they will do one 
or the other according to circumstances. 

If a pure, unbroken crystal of a salt hydrate is placed in an 
atmosphere, the pressure of water vapour in which is below the 
dissociation pressure, efflorescence will not necessarily take place; 
supersaturation can take jilace here, as in so many cases. So long 
as the second solid phase, the effloresced product, is absent, the 
vapom’ pressure is not fixed and can vary within certain limits 
(within the metastable region, p. 69) Thus, undamaged crystals of 
Glauber’s salt can remain uneffloreseed in air of ordinary dryness 
for any length of time if the neoess of nuclei is prevented. If 
efflorescence commences at any point, the direct effect of contact with 
the now phase is shown by the spreading of the efflorescence in a 
regular manner from the jilace. The region of efflorescence is a 
sphere, a uniaxial or a triaxial ellipsoid, according to the crystal 
system, just as in the case of the surface of optical elasticity, though, 
of course, the constants are not the same. 

Liquid and Gas — The simplest equilibria of the second order 
between liquids and gases have been dealt with already ; they 
conform to Henry’s law, the concentrations in the two phases 
being in a constant ratio. The question still remains as to gases, 
which on solution partially undergo chemical change. 

This change consists in interaction with the solvent, and may be 
represented by the equation m^A^ + mjAg = iiB. To calculate the 
final state, we assume that Henry’s law holds only for the un- 
changed part of the solute, the changed part as such having no effect. 
The “partition law,” that the partition of a substance between two 
phases of variable concentration is independent of the presence of 
other substances, has been stated in isolated cases by various in- 
vestigators ; its present comprehensive form is duo to Nernst (1891). 

If the concentration of the unchanged part of the solute is a^, 
that of the solvent Uj, and of the product b, the equilibrium equation 
corresponding to the above chemical equation is = kb“. The 

solution is assumed to be dilute, the concentration of the solvent is 
therefore constant, and the constant k/aj”** can be replaced by K; 
the equation thus becomes a”‘ = Kb“. 

If m = n, ie. if one mol of compound is formed from each mol of 
gas, the concentration of the unchanged portion is always proportional 
to that of the conibinod part. In this case Henry’s law still holds, 
for the total amount of gas absorbed is also proportional to the 
unchanged part, and the only effect is that the solubility is greater 
by the amount"which has entered into combination. 

If m is not = n, there is not proportionality between the changed 
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itnd the unchanged parts, and Henry’s law cannot hold An easy 
calculation, which is left to the reader, shows that, if in,>n, the 
apparent solubility {i.e the total amount of gas dissolved, divided 
by the pressure) increases with increase of pressure, while in the 
contrary case (m<n), it decreases with rise of pressure. 

Cases of this kind of cquilihriiim have been frequently investi- 
gated, but no example has been found which gives simple, calculable 
results. 

The influenco of chemical action on solubility is very strikingly 
shown by the halogen acids. They are, as is well known, very 
soluble in water with strong 'evolution of heat . the heat amounts to 
much more than the heat of liquefaction of the pure gases, so that heat 
is also evolved, if the liquefied halogen acids are dissolved in water. 
The boiling-point is at first raised by the solution of the gas, reaches 
a maximum and then falls again. The vapour jiressure at constant 
temperature follows the opposite course. According to the rule 
given on p. 322, dilute solutions of these acids must become more 
concentrated on distillation, mainly water passing over into the 
distillate; very concentrated solutions, on the other hand, will lose 
acid, and become more dilute. Between them is a concentration (for 
hydrochloric acid it is 20 per cent) at which the vapour has the same 
composition as the residue, and the solution distils unchanged. 
That it is not a chemical compound, as is sometimes erroneously 
supposed even yet, was demonstrated by Eoscoe (1860), who 
found that this composition varies with the pressure, from 18 per 
cent at 180 cm. to 23 per cent at 5 cm. pressure. The vapour 
density, too, is that of a mixture of hydrogen chloride and water 
vapom\ 

The chemical reaction in this case consists essentially in the 
formation of hydrogen ion and halide ion from the compound. As 
this increases the number of mols, the apparent solubility must, 
according to the theory given above, diminish with rise of pressure. 
This is markedly the case, for the greater part of the gas is absorbed 
at very small pressures, and an increase of pressure is accompanied by 
a comparatively inconsiderable increase in the quantity dissolved. 

IiicLuid and Solid. — There is little to add to what lias been already 
said about the equilibrium between a solid and a liquid phase 
The general relations deduced from the phase rule are regulated by 
the number of components, and not by the number of compounds 
formed from them. The circumstance, that such have been formed, 
is absolutely without influence on the general position, and, con- 
versely, no information can be got in this way regarding the 
existence of such compounds. For this reason the question, what 
compounds are to be supposed to he present in a given solution, has 
been satisfactorily answered in very few cases. 

Solubility is always increased by chemical action between the 
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bolveiit and the solute. For when equilibrium is finally established, it 
is between the solid phase and tho unaltered part of the same 
substance in tho solution. The apparent solubility is so much greater 
than tho actual solubility! the more it has passed into other compounds. 
Tho chemically altered part has the same effect on the true solubility 
as any other foreign substance; if in small amount its influence 
is not great, if otherwise, its effect is to change the nature of the 
solvent. 

These considerations are especially applicable in the moat fully 
investigated case of aqueous solutions. It is now certain that in 
them only a part of tho salt is dissolved unaltered ; the greater part 
is decomposed into ions, and to this circumstance is due, in large 
measure, the general solubility of salts in water. 

If we are in a position to determine or estimate tho solubility 
of the unaltered substance, the excess found by experiment over this 
esitimated amount is a measure of tho chemical reactions which 
have taken place It gives no suggestions as to their nature , for 
this other methods, which cannot be further specified here, must be 
resorted to. 

Solid Compounds. — If the newly formed substances separate out 
as solids at the temperature, there are produced characteristic changes 
in the form of the typical melting-point curve with a eutectic point 
(Fig. 42, p. 332) A. compound AB formed from A and E has its 
own melting-point, and this can only be lowered by the addition of 
other substances. If there is a fusible compound ’anywhere in the 
senes comprising varying amounts of A and B, it will be shown by a 
maximum melting-point, which will bo lower on both sides, %,&. for 
more A or more B than the compound contains. Such a compound 
existing in the solid state is characterised on the fusion diagram by a 
maximum or summit. 

Such maxima have been observed in these cases , they are some- 
times peaked, sometimes rounded; we must inquire on what the 
difference depends. It depends on the condition of the liquid or 
fused mass ; if this consists of the luidecomposed compound AB a 
peaked maximiun is formed, if it is partially decomposed the 
maximum is rounded off, and is flatter the more decomposed the 
compound is. 

Ill the former case the liquid consists of the pure compound AB, 
and addition of A or B has the same effect as an entirely different 
substance, causing at first a straight-line depression of the melting- 
point, We havo, therefore, at the melting-point of AB two fusion 
curves meeting at a definite angle. But, if the liquid is partially 
decomposed, it already contains both A and B, although it was made 
from pure AB, and addition of A or B does not introduce any new 
substance, but merely increases the concentration of one already 
present. The point corresponding to AB in the fusion curve is only 



350 


OUTIilNES OP GENERAL CHEMISTRY 


BOOK III 

a point on a continuous curve representing a continuous change in 
a state, i.e. the curve has a rounded peak which is flatter, tho more 
the fused licpiid has decomposed. Rounded maxima are the 
predominant typo in tho cases which have' heen investigated ; the 
compounds seem, therefore, usually to undergo partial decomposition 
on fusion. The theoretical limiting case and the average conditions 
actually met with are both shown in Fig. 44. 

If A and B combine' in several proportions to form solid 
compounds, it need hardly be said that tho same considerations are 
repeated. Each compound has a maximum, between them the 
fusion curves intersect at the eutectic points, which are minima in 
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the curves. By determination of the melting-points of all mixtures 
of A and B (in practice, of a sufficient number of mixtures), we can 
find out the number and the composition of the solid fusible 
compounds, which can bo formed from A and B. Investigations of 
this kind have been of very great service, especially in the chemistry 
of alloys. This method possesses a great advantage over the 
ordinary method based on the isolation and separate examination of 
the specific properties of possible compounds, in that isolation is not 
necessary. The existence of the compound and its compositipu are 
recognisable from the fusion curve, and the pure substance can be 
obtained at once by fusing together the components m the right 
proportions (if necessary, they are calculated more exactly from the 
combining weights). 

Partial Fusion. — In addition to the compounds which melt to a 
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liquid of the same composition, as described above, there are other 
compounds, which decompose at a fixed temperature into another 
solid phase and a liquid, the composition of which is not the same 
as either of the sohdsi. Glauber’s salt (]Sra2SO4,10H2O) is an 
example of this. It decomposes at 32 ’S" into anhydrous salt and a 
saturated solution of sodium sulphate, which is in equilibrium at this 
temperature with both the hydrated and the anhydrous salts. Here 
the sum of one solid phase and the liquid phase is equal to the 
other solid phase (anhydrous salt + solution = Glauber’s salt), and 
not, as in a eutectic point, the composition of the liquid the same as 
the two solid phases together. The composition of tho liquid lies 
outside that of the two solid phases, and, in consequence, a transition 
point of this kind does not represent a maximum or minimum 
temperature, but produces only a discontinuity or break in the 
direction of the fusion curve. The position of the break marks the 
composition of the solid compound concerned. 

The Complete Fusion Curve. — The complete fusion curve of a 
binary system is accordingly 
made up of single curves, in 
which three kinds of singular 
points are distinguishable. ^ 000 ° 

First, temperature minima, 
representing eutectic 
points between bordering 1 
solid phases. Secondly, 
summits or temperature 
maxima, representing the 
existence and composition of 
such compounds as melt 300 "^ 
completely, i.e. can pass into 
a liquid of the same composi- 
tion. Thirdly, breaks, in 
which two curves, running 
in tho same sense, intersect 
at a definite angle ; they 
mark the existence and com- 
position of compounds which 

decompose on heating into another solid compound (or one of the 
components) and a liquid of different comjiosition. 

As an illustration of all these features tho complete fusion 
curve for the system, gold-aluminium, is reproduced in Fig. 45. At 
E and H we have fusible compounds with '33 and '67 Au, correspond- 
ing to the formulse Al^Au and AlAu, There are breaks at B, D and 
G, which point to the existence of other solid compounds. Finally, 
G, F and I are- eutectic points. 

Three Phases. — ^If three phases are present in a system of the 



jUi OJ OB 0.7 ttfi 0.5 0.4- 071 02 




352 OUTLINES OF GENERAL CHEMISTRY BOOK III 

second order, there is one degree of freedom only, and the relation 
between pressure and temperature follows the general equation 
dp/dT=W/Tu (see p. 79). If there is no gas phase, i.e. only 
liquids and solids are present, the volume changes, u, which can 
occur, are very small, while the heats of reaction, W, have about the 
usual values. The ratio dp/dT is thus very large, just as in the 
simple case of water and ice, previously explained, and very large 
pressures are necessary to produce slight alterations of the equilibrivim 
temperature. In most cases the alteration is barely noticeable, and, 
except in special circumstances which permit considerable rise in 
pressure, these condensed equilibria appear to be associated with a 
perfectly fixed temperature. An instance is the common practice of 
fixing the ssero of thermometers by means of melting ice; the 
temperature really does vary with pressure, but to so small an extent 
that the dift'oronces of pressure caused either by changes of barometric 
pressure, or of the hydrostatic pressure of the ice-water mixture, are 
of no account, even in fine measurements. Equilibrium points of the 
second order may be utilised for fixing temperatures, as has long been 
the practice with similar equilibria of the first order. 

An investigation on Glauber’s salt, directed to this end, has 
shown that extremely constant temperatures can be realised in this 
manner, and that the method can bo as successfully applied to 
determining fixed 2 )oints as the melting-points of pure substances, eg. 
of water. The temperature is affected by foreign substances in the 
same way as ordinary melting-points , still it has been fomid possible, 
inth comparatively simple purification, to obtain a fixed point with 
Glauber’s salt which is accurate to ‘001°. The temperature is 
32'484r" on the international scale, or 32'379° on the hydrogen scale 
(Richards, 1898). 

On the other hand, if a gas or vapour jihase is present, the 
system behaves like the vapour in contact with a liquid or solid'qjhase 
in equilibria of the first order, i.e there is a definite vapom- pressure for 
each temperature (and conversely). The difterences are, firstly, that 
two liquid or solid phases are necessary for equilibrium, and secondly, 
tliat the liquid phase varies with the temiierature, not only in 
pressure or concentration, but generally also in composition. 

The Quadruple Point. — In a two-component system, four phases 
must be jiresent if the system has no degrees of freedom left. This 
gives a “quadruple point,” corresponding to a triple point in 
oqiiilibiia of the first order (p 100), We have such a point, for 
instance, when a vapour phase is added to the above system of 
sodium sulphate decahydrate, anhydrous salt, and saturated solution. 
It difiers from the “ condensed ” triple point, in that not only the 
temperature but also the pressure is absolutely fixed, and that 
neither of these can be displaced in the slightest without a phase 
disappearing. 
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Jj'rom the four phases of the quadruple point, four comhinatioiis 
of three phases can bo formed, namely, abc, abd, acd and bed, if a, 
b, c, d, are the four phases. Each of these three-phase systems has 
one freedom, and gives a» temperature-pressure curve. If one of the 
phases present is vapour, three of these curves have the character of 
vapour pressure or dissociation curves, since each phase, there- 
fore also the vapour phase, comes in three of the combinations. 
The fourth curve then represents a condensed system. If a vapour 
phase is nob present, the curves belong to condensed systems, and 
run almost parallel to the pressure axis 

To every quadruple point belong four sots of states, each with one 
degree of freedom, represented by four tomperaturc-pressui’o curves. 
These four curves must meet in one point, the quadruple point. 




At the place whore any two of these curves intersect the two sots of 
phases must be in eiiuihbrium ; as each set contains three phases, 
and the two sets are clitferent, all four phases must be present at the 
point of intersection of two curves, and must be in equilibrium. 
Since the intersection of each of the remaining curves with one of 
these again gives rise to an equilibrium between the same four phases, 
all four curves must have the same point of intersection, and be in a 
position similar to 0 in Fig. 46. 

Four is the largest number of phases in a two-component system 
which can be in equilibrium together. But it is possible to have 
from two components more than four different compounds or 
solutions , in general, more than four phases can exist The question 
arises. What happens when the number of possible phases is greater 
than four ? 

The answer is, that several quadruple points result, connected 
by the curve lepresenting the three phases which are common to 
two quadruple points. In this manner, any number of forms and 
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compounds can be brought in,- and many oases are known already 
in which this occurs. 

As an illustration we will take the first case which was fully 
investigated from this point of view, the* compounds of sulphur 
dioxide with water (Roozeboom, 1886). The possible phases are — 

а. Solid hydrate SOo, THgO. 

б. Liquid solution of SOjj m water. 

c. Liquid solution of water in SO^. 

d. Gaseous solution of SO2 and water vapour. 

e. Ice. • 

In the point L (Fig 47) the phases are a, b, c, d , at B they are 
a, b, d, e. The connecting curve I represents the equilibrium of the 
phases common to L and B, a, b, d. The other curves represent the 
following three-phase systems : II = a, c, d j III = b, c, d ; IV = a, b, 
c; V = a, d, e; VI = b, d, e; VII = a, b, e. 



CHAPTER XIV 

CHEMICAL EQUILIBRIUM OF THE THIRD AND HIUHER ORDER 

Tile Ohemical Equation. — ^AVhile there is only one form of chemical 
equation for equilibria of the second order, viz. mA + nB = A,„B„, 
there are two possible forms in reactions of the third order, and this 
gives rise to some differences. We may have mA + nB + pO = 
AmBnOp, and luA + nB = pO + qD. In the former one new compound 
is formed from three components, in the latter two new substances 
are formed from two components. 

The former case is easily recognisable as a reaction of the third 
order, but one might be inclined to put down the latter as of the 
fourth order, as four different substances are present. In consequence 
of the conservation of- elements the composition of D is fixed if A, 
B, 0 are given, for it must be represented by mA + nB - pC = qD. 
It is a matter of choice which of the four substances is taken to bo 
conditioned by the other three, for a similar equation holds for each 
one; but the number of independent components is not variable. 
It amounts to throe. In ascertaining the order of reaction, and the 
number of components for the application of the phase rule, only 
independent components are to be counted, i.e. the number of 
relations between the composition of the substancos must be suh- 
tractod from the total number of substances. The number of 
degrees of freedom can increase only ivith the number of indepen- 
dent variables, here the components. 

Another difference is that the simplest case, namely when three 
components A, B and C form only solutions and not compounds, is 
found only among the first class of equations. It is frequently 
difficult to decide, in a given case, whether a comjiound is formed 
or not. 

The first type of reaction is known as addition reactions j the 
second as substitutions or double decompositions. 

Components, — As previously stated, the choice of components 
in any given system is more or less arbitrary, especially if negative 
quantities are admitted But the number of independent components, 
which can represent the composition of the whole system and of every 
365 
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pliaso, remains fixed. There arc often phases in which only a small 
number of components are recognisable. As the limit of recognition 
is variable and is being constantly displaced by improved methods, a 
want of definiteness is introduced, but, obvfously, this has no eifect 
upon the fundamental question. The number of components is 
therefore the smallest required to compose all the phases which occur. 

All doubt on this matter can be avoided by asking how many 
phases within the region under consideration are necessary to make 
up any one of them, arbitrarily chosen. In equilibria of the first 
order, any phase present can be prepared from any other In 
equilibria of the second order, in general two phases are required to 
make up any other, etc. In this connexion, the phases are not only 
those which can coexist, but all the phases in any part of the whole 
system under consideration. For instance, the equilibrium between 
water vapour and iron, in which hydrogen and iron oxide are formed, 
might be supposed to bo of the second order, as two substances are 
brought into reaction. But the solid phase iron oxide which is 
formed cannot bo represented in any way as the sum or difference of 
the two other phases, iron and ivater vapour + hydrogen. This is 
only possible if another phase, pure water or hydrogen, or, generally, 
a second gas phase of different composition, is brought in. The 
equilibrium is thus one of the third order. 

On the other hand, the equilibrium between gold and aluminium, 
described onp. 351, is of the second order, although five different pure 
substances are formed. But every solid phase in this system can be 
represented as the sum of the two pure substances (which occur as 
phases in the two extreme fusion curves) or as the sum or difference 
of any two compound phases, when they are taken in the right 
proportion. For if a is the ratio of the compound in one phase, and 
b in another, any desired ratio c can bo represented by the expression 
0 = a + kb, where k is the arbitrary ratio in which the two phases are 
united. It is essential that in these cases the chemical reactions can 
he carried out, that therefore the expression a + kb denotes an 
actual chemical process. If this were not the case the equilibrium 
would bo of higher order, con'esponding to the number of compounds 
of A and B, which are not convertible into each other. Such a case 
occurs in the case of hydrocarbons. 

Graphic Eepresentation. — The complexity of equilibrium of the 
third order compels ns to select a number of typical oases for con- 
sideiation, without any attempt to exhaust every conceivable 
possibility. We shall first, following the treatment of reactions of 
the second order, consider cases of simple solution. As the equi- 
librium between solid and liquid phases (complete mutual solubility 
of the liquid phases being assumed) is the simplest, we shall take 
that up first of all. To obtain a compioheiisive view by means of 
diagrams, wo must seek a convenient co-ordinate system. 
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The simplest method of expresBiiig tho composition of a ternary- 
system is to divide the amount of each component by the total 
amount of the system, -which gives the amount as the fraction of 
the -ivhole If A, B an^ 0 are the actual amounts of the components, 
the fractions are : 

A B C 

A + B + C’ ““A + B + C’ ““A + B + C’ 

so that A + B + C = 1. The amounts may be expressed either in 
parts by weight, or, more conveniently, in mols, i.e. parts by weight 
divided by the molar weight. 

If the side of an equilateral triangle be taken as unity, any point 
in the interior has the property that the sum of the three parallels 
to the sides, drawn through the point to the sides, is always equal 
to unity (to the side of the triangle). Accordingly, all possible I’atios 
of three components can he represented by points within an equi- 
lateral triangle, just as all the possible ratios of two components 
can bo represented by points on a straight line of unit length. 

The apices of the triangle represent the pure substances, the 
three sides the binary systems of two of the components, and the 
interior of the triangle the ternary systems. 

Fusion of Ternary Mixtures. — The simplest case of equilibrium 
of the thu’d order is the fusion of mixtures of three solids, which in 
the liquid state dissolve in each 
other in all proportions. We 
will suppose the eutectic mix- 
tures for the three binary 
mixtures, AB, AO and BO, to 
be known ; they are Kj, Kj and 
Kj in Fig. 48. Some 0 is 
added to the fused eutectic of 
AB, which is in equilibrium 
with solid A and solid B This 
will lower the temperature ; at 
the same time the jiroportion 
of A to B ill the liquid will be ^ 
changed a little, until it is again 
in equilibrium with solid A 
and solid B. The point which 
now represents the composition of the liquid lies inside the triangle 
near Kg, say at i. With further addition of 0 the point recedes 
within the triangle, and these points, which represent equilibrium 
with the two solid phases A and B, form an almost straight line, 
running in the direction of K. The solution will at last be- 
come saturated with C, and a point is reached at which it is in 
eqiiilibriiiiii with all three solids. 
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The same will hapiien if we commence with the eutectic mixtiu'e 
of A nnrl C and add B to it. We shall obtain a curve which runs 
from K„ towards K and intersects the first curve at K. As the 
equilibrium is the same as before, namely, solution and the three 
solids, the point K must bo common to both curves, i.e. is the point 
of intersection. 

The same considerations apply to the eutectic mixture of B and 
C. Its curve also must pass through K, and, as is shown in Fig. 48, 
the three curves of equilibrium with two solid phases and solution 
intersect in the point K, which is the ternary eutectic point. It lies, 
• as is clear from the above dis- 



cussion, at a lower temperature 
than any of the binary eutectic 
points, but has otherwise the 
same properties as them. In 
particular it is the lowest tem- 
perature at which the liquid 
phase can be formed from the 
three components, and as the 
composition of the liquid can- 
not alter during solidification, 
the temperature remains the 
same until all the liquid has 
become solid. 

These conclusions have been 
fully confirmed. 

Fig. 48 does not show the 
temperature changes. To do 
this, an axis must be added 
normal to the plane of the 
diagram, and the temperatures 
plotted on this. The three 
lines, then, are arranged in 
space and form the edges of a 
triangular prism. 

Fig. 49 illustrates this. 
The three peaks. A, B and C are 


, ^ maiuiug-poinrs oi tne pure 

substances; the three -binary eutectic points K^, K, and LC appear 
on the three sides of the prism, and from these start the three 
curves of tlm ternary mixture, which intersect at the ternary eutectic 
point K. The solutions in equilibrium with one solid phase lie on 
the surfaces AK,K,K, and CIC.K.K. and those which are m 

equihbiTum with two solid phases are on the linos K K, K^K, K.K. 

To represent tins on a plane diagram, use is made of isoth'ermals 
or lines of equal temperature. These surround the ternary eutectic 
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temperature K in the shape of irregular triangles, each higher tem- 
perstui-e represented' by a larger triangle • The angles of the triangles 
are on the lines Kj^K, etc ; at temperatures above the lowest binary 
eutectic point the triangles are incomplete, so that in the vicinity 
of the single melting-pomts from within there only remain approxi- 
mately parallel portions of a side. 

In Fig. 60 are shown m this manner the results of Charpy’s 
experiments (1898) on the alloys of lead, tin and bismuth. The 
isothermals are 26° apart. 





Ternary Liquid Solutions. — The various typos of mutual solubility, 
complete, partial or vanishingly small, of different liquids, already 
encountered in equilibrium of the second order, naturally recur in 
the present case The number of possible combinations is much 
greater, for each of the three pairs of liquids, AB, AO and BC, can 
belong to any one of these three types, giving rise to ten different 
combinations. This is the number of differences which can occur on 
the three sides of the triangular diagram on p. 357 ; to these must 
be added the variations in the interior, i.e. the behaviour of the 
ternary solutions, which may form one, two or three coexistent 
liquid phases, according to their character 

As the development of all these possible cases lies far beyond the 
scope of this book, only a few typical examples will be taken up 
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ill detail. But the opportunity may be taken to point out that the 
phase rule enables us to treat this branch of chemistry deductively. 
That is, without an experiment being made, all the possible cases can 
be developed from tlie laws of combination, and systematically 
represented. The problem then is to find out bow far all these 
cases can be realised experimentally, thus testing or confirming the 
theoretical premisses. Sometimes it is found that only certain groups 
of the predicted cases can be realised ; then the expressions regulating 
this limifation have to be ascertained. ■ 

Wo have such a restriction, for instance, in the fact that the 
■ number of coexistent phases is limited by the state of 
aggregation. First of all, there is never more than one gas phase, 
as all gases are miscible in all proportions. The number of liquid 
phases has never been found to exceed the number of 
independent components (liquid crystals are counted as solid 
phases). The number of solid phases is unlimited so far as is 
known. 

Not more than three liquid phases, then, are to be expected in 
equilibria of the third order. The most general case, in a certain 
sense, is that in which the three pairs 
of two components each are partially 
miscible, and form in certain propor- 
tions three immiscible solutions. Pig. 
51 illustrates this case. 

Lot us consider first all combina- 
tions of A and B. If a little B is 
added to A, a solution will be formed, 
according to the assumption, until 
saturation is reached at a, when a 
second liquid phase of the composition 
B b' separates. All compositions be- 
vio 61. tween a and b' produce these two 

saturated solutions of constant com- 
position, ami complete solution is not obtained again until B is in 
largo excess, between b' and B. The other pairs BO and AC behave 
similarly. 



If now increasing amounts of 0 are added to the different solutions 
of A and B, n-hat happena depends upon the compositioi^. It is 
obvious for geometrical reasons that when 0 is added to any solution 
of A and B, that the composition of the resulting ternary mixtures 
lies on the straight line which joins C and the point on AB represent- 
ing the original solution. Only for points on this line does the ratio 
of A to B remain unchanged, as is seen at once on drawing the 
co-ordinates. 

If G is added within Aa, there results at first 'a •single ternary 
solution. The same holds for h'B. But between a and b', each of 
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the two immiscible liquid phases takes up some G ; its composition 
is then expressed by a point in the interior, situated on aa or hji. 
To every point of the first line there corresponds one on the second ; 
this connexion is denotpd on the diagram hy tie-lines. The ties are 
not necessarily parallel to the sides of the triangle (or to each other). 

Extending these considerations to the other two parrs, we find 
that at the three apices are homogeneous regions, all three components 
being present in each solution. Between them are three regions, 
like ab'/Sa, in each of which two liquid phases coexist. The question 
now is, what happens when so much 0 is added to the middle 
solutions of AB that the line a/S is passed. 

Such a quantity of 0 is greater than can be taken up by the two 
liquid phases, in one of which A preponderates, and B m the other. 
A third liquid phase will be formed, consisting mainly of 0. Its 
composition is given by the point y. 

There are still two degrees of freedom, according to the phase 
rule. If these are disposed of by fixing the temperature and pressure, 
each of the three liquid phases must have a fixed composition, which 
is independent of the ratio of A • B 0 (within the whole region in 
which the three phases are formed) This region is denoted by the 
triangle a/3y. 

There are therefore three kinds of regions within the triangle. 
Eirst, at the three corners are the fields, in which only one liquid phase 
is present. Between ^hese, around the sides, are three regions, each 
with two liquid phases, and finally, in the middle is a triangular field 
with three liquid phases. While the composition of the phases 
varies within the appropriate limits, in the first two regions, it is 
constant in the three-phase region. Whatever the composition of the 
system may be within this region, it always forms three liquids, the 
composition of which is always the same, provided the temperature 
and pressure are constant. This obviously corresponds to tbe case of 
the binary solutions of two partially miscible liquids, the liquid 
phases of which have a constant composition within a certain region. 
In both cases an alteration in the relative amounts of the com- 
ponents causes merely a change in the relative amounts of the three 
phases. 

It IS not difficult, after this explanation, to develop the cases in 
which the mutual solubility of one or of two pairs of liquids is zero. 
The corresponding one-phase regions at the corners, and the two- 
phase side regions recede to the edge. The system assumes a new 
character when pairs of completely soluble liquids are present. 

Critical Points. — well-known case of this kind is water, alcohol 
and ether. Water and alcohol are completely miscible, and so are 
aleobol and etber, but water and ether are only partially miscible. 
As is well knuwfi, alcohol acts on the mixture of water and ether, 
or, more correctly, on the two mutually saturated solutions, so as to 
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increase the mutual solubility, until at last complete solution tabes 
place. 

This is represented diagrammatically in Fig. 52, in which W is 
water, A. is alcohol, and E is ether. The .real difference between 
this case and the former is that the addition of alcohol makes the 
two solutions a and b more ahke, so that the corresponding lines 
continuously approacli, until they coincide at a point Ic. While up 
to this point there were two liquid 
phases, a single additional drop of 
alcohol is sufficient to make them the 
same and uniform. 

Similar cases, in which two 
hitherto different phases steadily 
approach equality and finally become 
equal, have been already met with. 
The equilibrium of the first order 
between a liquid and its vapour 
ended with increasing temperature 
^ in the critical point, at which the 
two phases lost their difference. 
There was, further, the equilibrium 
of the second order, where the mutual solubility of two partially 
miscible liquids increased with rise of temperature. Here, too 
(p. 324), the phases became more alike, .and at last became 
identical, the two merging into one. This differs from the previous 
case in there being still a degree of freedom left, so that the critical 
point is displaced a little by pressure. For one degree of freedom is 
left, since two- phases are present in a two-component system, with 
the condition that the ichascs are to be identical. 

In the present case of ternary equilibrium two degrees of 
freedom I'emaiii, ie. the composition at the critical point varies with 
temperature and pressure. Such critical points are obviously pos- 
sible in equilibrium of any other order ; the general definition is as 
follows: a critical point is one at which two phases become 
identical. 

To obtain such a critical point eicperimentally we commence with 
the partially miscible liquids (ether and water) in any proportion, 
and add the third (alcohol) little by little. As the first two 
liquids .are probably not in the right proportion, the one phase will 
increase at the expense of the other. If this is the water layer, for 
example, ether must be added, until the two phases are present in 
about equal amount, and the additions of alcohol" continued. The 
inequality of the amounts of two phases is corrected as before, and 
by alternate additions of the necessary component and of alcohol, 
wo reach a point where a single drop of alcohol sutlctenly causes the 
two phases to unito. If the three components were taken from 
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stocks of known weight, the weights of the amounts used give the 
composition at the critical point. 

Vapour Pressures of Ternary Mixtures. — The numerous types of 
equilibrium between liqjiid and vapour, already seen in reactions 
of the second order, are again met with in the ease of ternary 
mixtures. We will consider first the case of complete miscibility, 
starting from the binary solutions represented by the three sides of the 
triangular diagram, each of which can give one of the three possible 



types 1, 3, and 6, of vapour pressure curve (p. 322). If we imagine 
the vapour pressures to be plotted on an axis normal to the 
horizontally placed triangle, a triangular prism is obtained, closed 
above by a curved surface. This surface represents the vapour 
pressures of all possible ternary mixtures. The vapour pressure 
surface is bounded at the three sides of the prism by the vapour 
pressure curves of the corresponding binary solutions. We shall 
consider only one of the many possible types. 

If the three binary vapour pressure curves have no maximum or 
minimum, the ternary vapour pressure surface will have the appear- 
ance shown in Fig. 53, i.e, it will also rise or fall unilaterally, and 
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will have no singular point. Consideiations, similar to those given 
on p. 322, point to the conclusion that such a ternary mixture can be 
separated into its components by repeated fractional distillation. 

If, on the contrary, all three boundary jiurves have a maximum, 
the surface is dome-sha 2 )ed, Pig. 54, with a maximum jioint X. There 
is then a ternary solution with a greater vapour jiressure than any 
other solution ; it is also greater than the maximum vapour pressure 
of the binary solutions. Fractional distillation will not yield the 
pure substances in this case, but in general, one coniiionent in the 
pure state, then a binary solution ivith a maximum vapour pressure, 
and finally the ternary solution, mentioned above, with the vajiour 
pressure maximum X. Which of the three components, and which 
of the binary solutions is obtained depends on the jicsition of the 
original ternary mixture in the triangle. The whole triangle is 
divided into six fields, the boiiiidaiies of which run on the one side 
from the apices to the principal maximum point X in the interior 
(Pig. 64) and on the other, from the three binary maximum points 
situated on the sides of the triangle to the siiiiie point X These 
six fields of the ternary solutioim correspond to the two parts into 
which, in the case of binary solutions with a vapour pressure 
maximum, this point divides the composition emwo, so that each 
of these halves characterises tho solutions from which, on fractional 
distillation, the solution with the greatest vapour pressure and the 
one or other 2 )ure component are obtained , 

Tho case in which the vapour pressure surface is hounded by 
three binary curves, each of which has a vapour pressure minimum, 
can bo treated in a similar manner. 

In addition to these typos theie are of course many different 
combinations of the three binary curves, but they cannot be gone 
into here. 

Limited Solubility. — The com 2 )licationa are much greater when 
tho three liquids are not, as previously assumed, mutually soluble 
ill all 2 >roportions. Soiile idea of the possibilities can be got from 
a consideration of the typical case re 2 ireseEt 0 d in Pig. 51 (p. 360). 
Wo ivill assume, as a further simplification, that the binary vapour 
pressure curves are as shown in Fig. 54 (p. 363). 

Then the vapour pressure in the one-phase corner fields at A, B, 
0, will behave as already described (Fig. 64), i e each point corre- 
sponds to a particular vapour pressure, and the whole of these 
pressures is re 2 )resented by the corresponding 2 iarts of the dome- 
shaped va23our pressure surface 

III the two-phase side regions the com 2 josition of the two phases 
remains constant along the tie-hues of corresponding points, only 
tho relative amounts of the two 23hases undergoing change. Acoord- 
liigly, the vapour pressure along such a tio-lifie must remain 
constant, ie. in the vapour pressure surface to every such line there 
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corresponds a horizontal straight line. Each group of those 
horizontal lines forms a horizontal cylindrical surface. 

In the middle three-phase region there are always three liquid 
phases of constant compasition. The corresponding vapour pressure 
surface is a horizontal plane, for the vapour pressure is here in- 
dependent of the total composition, since there are always the same 
three liquid phases, only in different amounts. 

The complete vapour pressure surface is shown in Fig. 66 ; it 
is obtained from the dome of Fig. 

54 by first cutting oflf the summit 
horizontally, then three curved cuts 
are made towards the sides with a 
knife, whose edge is kept in a 
horizontal position. This corresponds 
exactly to the simpler case of binary 
solutions, in which the vapour pres- 
sure curve of incomplete solubility is 
derived from the curve of complete 
solubility, its crown being cut 
off by a horizontal straight line, 
which corresponds to the two-phase 
region. 

Equilibrium of Higher Order, — 

We now turn from the .purely formal 
treatment of the phase rule to a 
quantitative examination of the equi- 
librium in individual uniform phases. 

As may be recollected from tbe 
earlier simple cases, there are regular 
relations between the concentra- 
tions of the different substances to 
be taken into account. 

The general formula for isothermal 
equilibrium between any number of 
components can be deduced in a 
manner similar to that in which the 
formulae for equilibrium of the first and second order were found. 
If the chemical equation is 

m^Aj + m^Ag + + ... = UjBj -i- -i UjBg h- . . . , 

the work for a small displacement of equilibrium — all the components 
supposed to be gases — is given by 

ETd ig[(p • • •)/(qi"’q2"V’ • • •)]• 

The condition that the sum of the works is zero, is given by 
Pi“T 2 ™“Ps™'‘ • • • = k-qi”'q 2 ”“q 8 ”“- • • , a quite general equation for 
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any mnnbei’ of Biibstancos which obey the gas laws, and are in 
oquilibriuin at constant temperature. 

The general formula for the effect of temperature, d Ig k/dT = 
L/ET-, also aiiplies, L being the amount of heat taken up during 
the complete courso of the reaction expressed by the equation. 

If there are solid phases, the equation is simplified, because for 
each solid phase one of the factors p or q becomes constant. If 
a reaction is of the 11“' order and n solid iiliases are present, there 
is only one degree of freedom, ns the total number of phases with the 
gas phase is 11 + I, and there is an equilibrium 2iressure, like a vapour 
pressure, which depends only on the temperature. In particular, the 
composition of the gas phase is fixed for each temperature, how- 
ever complex its composition may be. If the temperature is changed, 
the pressure and the composition of the gas jiliase both alter. 

If the number of solid jiliasos is n - 1, the degrees of freedom 
are 2, and the composition of the gas phase can change at constant 
temperature ; but only in such a manner that one estimation fixes 
all the othors. The relations hero are very similar to those developed 
on p. 3 12. 

If one of tho phases is liquid, the systems generally lose their 
simplicity, and no general roprosentatiou has yet been found for tho 
conqilex condiUou.s which take its place. Only in the fairly frequent 
instances in which one of tho components ^ in tho liquid phase is 
ill great preponderance, do we find simpler conditions, owing to the 
validity of the laws of dilute solutions, and the consequent 
applicability of the general equilibrium relations. 

The rule to be followed in such cases is to set down the active 
mass of the predominant substance or solvent as a constant, while 
the gas laws ajiply to the substances iiresent in small quantity, the 
^irossure being osmotic jiressure. Of course, any number of solid 
phases can still occur ; their treatment has already been indicated, 

The Mutual Eelation of Chemical Equilibria. — This rule applies 
to the hinqilost form of chemical equations. There may he forms, 
according to which different products are formed at the same time 
from tho siiiiie original substances. Such equations can always he 
sjilit up into simiile equations, of which they are the sum, and the 
rule applies to these single equations 

Each such simple equation leads to an equilibrium equation 
between the powers of the concentrations or active masses of the' 
reagents ; this equatiou contains one coefiicient, which is usually 
also a function of the temperature. A compound-equation contains 

' Till! iireilrmimnut ‘lulistaiice may lia a compoiuul of several compoconts, vvithout 
formally altuiiiij' tlm state nf afliiirs. For ony compound of the simpler components 
may to roKaidid as a component trom the eqmllbnum point of viuw, if we lulmit calcn- 
liitioiii. with neqativc quantities This cannot laid to enoi, if care'' is taken that those 
negative quantities do not fall helow the possible values, which are fixed hy the total 
coiHjioHitlou of tlie whole sistcm. 
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as many coefficients as the number of simple equations composing it. 
Generally the compound equation can he split up into simple ones 
in several ways ; then the number of simple equations comprised in 
it IS the smallest number, the sum of which make up the compound 
one. There are as many numerical relations between the coefficients 
of the various simple equations as will lead to the given number of 
independent coefficients accordmg to the rule. 

For example, the equation 

2CaC03 + HjjO = Ca(OH)2 + OaO + 200^ 

contains five different substances, and should therefore be a reaction 
of the fourth order But it can be resolved into the single equations 
OaCOg + HjO = Ca(0H)2 + COg, and CaOOg = CaO + COj, the former of 
which is of "the third order, the latter of the second order. 

If one equation is subtracted from the other, we obtain Ca(0H)2 = 
OaO + HjO, representing the decomposition of calcium hydroxide 
into calcium ‘oxide and water. This equation is not independent of 
the others, and its equilibrium coefficient must be a function of the 
other coefficients. If the partial pressures or active masses of the 
individual substances be denoted as follows ; OaOOj = a, H^O = b, 
Oa(OH)3 = c, OOj = d, OaO = e, — the equations OaCOg + H^O = 
Oa(OH)2 + OO2, and CaCOj = OaO + OOj, give the equilibrium equa- 
tions ab/cd = k, and a/de = r, where k and r are the equilibrium 
constants. By division we have c/be = r/k ; this equation represents 
the equilibrium of Oa(OH)2 = OaO + HgO, and its coefficient is the 
quotient of the other two coefficients. 

We thus arrive at the remarkable result that equilibrium states 
between substances can be calculated without direct investigation of 
the particular reaction. In the present example we can calculate the 
equilibrium between calcium oxide and water vapour, if we know 
the decomposition of calcium carbonate by water vapour, on the one 
hand, and its dissociation into calcium oxide and carbon dioxide, on 
the other This possibility depends on the fact that the correspond- 
ing chemical equations can be combined, and this is always the case, 
when the different equations contain the same substances 
partially. For each new chemical equation, which is obtained by 
the elimumtion of such common members, necessarily represents a 
conceivable reaction which can be carried out, at least indirectly. 

The number of components for a given equilibrium is fixed by 
the kind of chemical reaction under consideration, and the number 
of components in the same system can vary if the reaction changes. 
Thus, the common changes of state of water come under equilibrium 
of the first order; but if the temperature is raised to 2000'’, water 
decomposes into hydrogen and oxygen, and the equilibrium is then 
of the second br^er. 

Equilibrium of the Third Order. — If these generalisations are 



3fi8 OUTLINES OP GENERAL CHEMISTRY BOOK III 

applied to equilibrium of fclie tliird order, two typical forms of 
equilibrium equation are obtained, corresponding to the two typftal 
forms of choniical equation 

Pr‘lV“=IV,"'“ = lfr‘ ' 

and 

the first of which holds for addition reactions, the second for double 
decompositions. 

According to the explanation already given of dependent and 
independent components, these equations show that when all the 
components are present iii a phase in variable proportions, three of 
them are independent , the fourth concentration is fixed, when three 
of them have been arbitrarily fixed. This moat general case is 
restricted whan a phase of constant concentration {e.g. a solid 
which does not form solid solutions) enters the system, ror when 
one of the concentrations is constant in one of the phases in equi- 
librium, the ooncentration of this substance must also be constant 
in all the other phases, which are in oqiulibriuni with it. 

This rule, winch has been fully established by experiment, is the 
general law of intensity applied to chemistry. Just as in all the 
pliasos which take jiart in the reaction, the temperature and pressure 
must have the same value, so, too, the chemical intensity or 
potential must have the same value in all such “coexistent” 
phases, each substance present with it? own value. As the 
chemical potential is proportional to the concentration at constant 
total pressure and temperature, the concentration must he constant 
in all the phases, when it is kept constant in one. 

It fallows from this that if several phases of variable concentration 
arc in equilibrium, there is an equilibrium equation for each phase, 
hut that the coeffieients of these equations cannot he independent 
of each other, being so related that the available number of degrees 
of freedom is not exceeded. How this is brought about is more 
easily scon under certain simple experiuiontal conditions, to which we 
will pass at once. 

Examples. — There are so many different types of equilibrium of 
the third oi'der, that it is impracticable to mention all the possible 
types. It will be sufficient to select a number of examples, which 
merit special attention either because of their general nature, or 
because of the importance of the reaction. 

The reaction between iron and water vapour is an example of 
equilibrium of the third order in which a gas phase- and solid phases 
are present. The products of the action are ferrosoferric oxide and 
hydrogen. The chemical equation is 

lH20 + 3Pe = 4H2 + Fe30^, . , 

and as two solid phases and a gas phase are present, there are 
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two degrees of freedom. If the temperature and total pressui'e are 
fixed; one partial pressure can still be arbitrarily chosen, but the 
other IS then fixed. 

This is evident if the, pressiue of water is denoted by p, and 
that of hydrogen by q, and the other constant factors are combined 
with the equilibruim. constant ; the equation is then p^ = kq'^, or p = 
Kq, i.e. the pressure of hydrogen must be proportional to that of the 
water vapour. 

Further, it follows from the thermochemioal data that the reaction 
of water vapour on iron evolves heat, 34 kj. for one mol of hydrogen. 
It must therefore regress with rise of temperature. 

The formula is confirmed beyond doubt by the observations of 
Deville (1870), who neither expected this relation nor deduced it 
from his observations. The equilibrium is displaced by fall of 
temperature in the direction of hydrogen, as heat is evolved by its 
formation. This is confirmed by the work of Preuner (1904). 

Water Gas. — A technically important equilibrium of the third 
order is the double decomposition between carbon monoxide and 
water vapour, hydrogen and carbon dioxide, represented by the 
equation 

H20 + GO = H, + 002. 

The elements carbon, hydrogen, and oxygen may be taken as the 
components , if we prefer components which are actually present, we 
may take any three of the four gases, since the chemical composition 
of the fourth can always be represented as the sum of the other three 
(with negative terms, if necessary). 

If we denote the pressures of the four substances by pj, p„ q'j, 
qj, the formula is p^p 2 = kq^q^. As there are three components and 
one phase, there are four degrees of freedom, i.e. two partial pressures, 
the total pressure, and temperature may be arbitrarily fixed. The 
total pressure has no effect on the equilibrium in this case, as there 
IS no volume change during the reaction (or because a common factor 
of all the pressures cancels out of the equation). 

Horstmann (1877) showed that the observed results agree in 
the main outline with the theory. The observations were necessarily 
limited to the equilibrium which results when mixtures of carbon 
monoxide and hydrogen with insufficient amounts of oxygen were 
exploded. As the highest temperature lasts only a very short time, 
one cannot be certain that equilibrium has been established; and, 
further, it will be displaced by the fall in temperature. Horstmann’s 
results were confiimed by a later research of 0. Hahn (1903), who 
measured the stable equilibrium. The constant Kh of the equilibrium 

loQ^y-^^^has the value -84 at 786°, and 1-6 at 1000°.^ 

p couceutrntious of .substances are frequently exiiressecl, iia here, by eivcloaiug 
tho foriuulii of the substance m brackets. 


2b 
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The convorBioii of hydrogen and carbon dioxide into water vapour 
and carbon monoxide absorbs beat ; it is a reaction which must 
progress as the temperature is raised Conversely, more hydrogen 
will bo forraod the lower the temperature is at which ecpiilibriiun 
has been established. This fact is of importance m the manufacture 
of “ water gaa,” which is the product of the action of water vapour 
on coal at a high temperature. The reaction at high temperatures is 
mainly 11,0 + C = CO + H,. From the above disciibsion it is obvious 
that at lower temf)eratures the reaction will be mainly 2 H 2 O + C 
= 2 H 2 + CO.j. As the use of water gas is largely increasing, it is 
impoitant to know that the .amount of the poisonous carbon 
monoxide can be restricted in favour of the formation of hydrogen 
by carrying on the process at the lowest possible temperature 
(Mond, 1897). 

In oxiimiumg theoretically the processes involved in the forma- 
tion of water gas, i.e. in tlio presence of solid carbon, wo have to 

observe that in the ratio — vlrV" ! the first quotient, 7 ^^, is 

(OO.2) • (rl.j) (CO2) 

fixed by the etpiilibriuiu between solid caibon and its two oxides, 
which is in a high degree a fiiiictum of tho tomporature. While at 
550° tho gas is almost entirely caibon dioxide (with only 10 per cent 
eavhon monoxide), at 800“ tho gas is 90 per cent carbon monoxide and 
10 per cent dioxide. From the chemical equation 

CO, + 0 = 200 ' 

we get tho following eqiiilibiium equation, as (C) goes into the 
constant ; 

(CO)e 

which, in coinbiuation with the above equation Kn for the equilibrium 
investigated by Horstinanii, enables us to calculate the water gas 
ciiuilibrinm. 

If tbe equations are multijiliod together (CO^) disappears, and we 
obtain 

( HoO) 

(H.,)(CO) = 


- = Kit • Ko, 


whicli is the equilibrium equation of the reaction 

H,0 + 0 = H2 + C0. 

If, on tbe contrary, tbe first equation is squared, and then 
multiplied by the second, we have 

ir.n imW - K h • Kq, 
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wliioh IS the equilibnum equation of the other reaction 

2H2O + 0 = CO2 + 2H3. 

The two last equatiqns are therefore not andependent, but are 
defined by the two equations of the Horstmann reaction and the 
equilibrium between carbon monoxide and carbon dioxide. The 
water gas equilibrium can be calculated, without a single direct 
experiment being made, if the two equilibrium constants Kh and 
Kq as functions of the temperatvu'e (even only numerically, not in the 
shape of a oomjilete expression) are known; conversely, if all the 
concentrations in a water gas equilibrium are known, the constants 
Kh and Kq of the two fundamental equations can be calculated for 
the given temperature. For the carbon monoxide — carbon dioxide 
equilibrium, we only need to substitute the measured concentrations 

of CO and OOg in the equilibrium equation ei order to 

calculate the constant ; similarly, the concontrations of the four gases 
give the constant Kh of Horstmaiin’s reaction, of which the 
equilibrium under consideration is only a special case (viz. in the 
presence of solid carbon). 

It may be added that at temperatures of about 1000° at 
which water gas is usually made, the equilibrium concentration of 
carbon dioxide is very small, less than 1 per cent at atmospheric 
pressure. In actual practice equilibnum is not usually reached, 
and as carbon dioxide is first formed in preponderating amount as 
the most unstable compound under the prevailing conditions, the 
composition of the gas difl'ers from the theoretical composition in the 
du’eotion of excess of carbon dioxido. The more rapidly the 
reaction is finished, i.e. the quicker the gases are withdrawn from 
contact with the glowing carbon, the greater the amount of carbon 
dioxide. 

Solutions. — If two different substances are dissolved in a third, 
which is m large excess, the laws of dilute solutions apply to the 
two former, and the equilibrium is in many respects very similar to 
those of the second order. The third substance or solvent then 
plays the part of space, in which are the two others; it must not be 
forgotten, however, that its influence on the numerical values of the 
equilibrium constants is very considerable. Different solvents 
do not by any means produce the same equilibrium state with the 
same solutes at the same volume. This specific influence of the 
solvent is comparable with that of temperature, so that different 
solvents at the same volume act as if the solute was m the same 
space, but at very different temperatures. Or, better still perhaps, 
volume-coefficients may be ascribed to the different solvents, such as, 
for example, 2 com. of one solvent have the same effect as 1000 ccm. 
of another. 
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In consequence of the similarity between solution and vaporisation, 
equilibrium of the second order with a gas phase is reproduced m 
the third order, the vacuum being replaced by a solvent, and a solute 
taking the place of the vapour Accordingly, the circumstance 
that the solvent may have united with the other components 
or compounds of them, is without influence on the form 
of the law, provided it is present in so largo excess that the solu- 
tion may bo regarded as dilute. 

We have then to assign a limit to dilute solutions. It depends 
to some extent on the nature of the substances ; but it may be taken 
for granted that solutions which contain less than l/lO mol per 
litre can without hesitation bo regarded as dilute. Stronger 
solutions than this can often be regarded as dilute, but the precaution 
should be taken of applying special tests before applying the simple 
laws of solution to them. 

The first case is the hoiuogeiioous equilibrium between two 
components in a solution. The equation given on p. 337 applies here, 
aj'">a/': = kb" ; all the relations developed there are reproduced here. 

More well-investigated examples of this type of equilibrium 
arc known than for all other types put together, as the rleeom- 
poaitions of binary electrolytes into ions is governed by this 
equation (Oatwald, 1888). Ionic equilibrium is dealt with later, 
and the mere reference will suffice here. 

If a solid phase is present along with the liquid phase, the 
relations developed on p. 312 apply. The solid may either be a 
compound, in which ease the product of the powers of the con- 
centrations of its components must bo constant (i.e. a function of 
the temperature only), or the solid may he a component, and 
then the two variable (powers of the) concentrations must be 
projuirtioual to each other. Solutions of electrolytes afford 
numerous instances of the former case; the latter, for which the 
simiilor type has not yet been observed, may be illustrated by 
the following example (Noyes and Seidensticker, 1898). 

Iodine is very .sparingly soluble in water, but if a soluble iodide 
is added to the water, the solubility increases very much. The 
reason is that iodine adds itself to the iodido ion, forming tn-iodide 
ion of the foriiiula I,,'. The equation is r + l3 = Ig'. Iodine will 
dissolve until the amount of free iodine in equilibrium with tn- 
lodido ion IS the same as the solubility of iodine in pure water ; the 
assumption is made that the solvent suffers no extensive change, i e. 
the solution remains dilute. 

In the equilibrium equation a^ a^ = kb, the concentration of free 
iodine, a^, is a constant ; aj and h are then proportional, i e the 
amount of tri-iodide ion should be in a constant .ratio to the amount 
of iodido ion. Potassium iodide solutions were ’saturated with solid 
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dissolved subtracted from this amount. The simple solubility in 
pure water was directly determined, and was found to be ’001342 
mol (or 1’342 millimol) in a litre. 


KItal-.on. Io(Iluodlhaolved(oorr).=V. I'. 

106 '3 63’9I: 62-4 

63 16 26 69 26 ’48 

26 67 18 34 18 62 

13 29 6 66 6 63 

6 ’643 3 326 3-118 

3 322 1-710 1 612 


Hatio 1,71 . 
1 03 
1 01 
1-02 
1 01 
1 00 
1-06 


The first column gives the concentrations of the potassium iodide 
in iiiillimols per litre, and this is also the sum of 1 ' + 1 ^' ; the second 
is the amount of iodine dissolved after subtraction of the constant 
amount of T34:2, the solubility of iodine in pure water; it gives 
the concentration of the bri-iodide ion I 3 ' ; in the third column are 
the concentrations of the unchanged iodide ion I', obtained by 
subtraction of the second from the first column. The last column 
contains the ratio lyi', which, according to the theory, ought to he 
constant The agreement is quite satisfactory; about half the 
iodide ion unites with iodine to form tri-iodine ion, or the dilute 
potassium iodide solution dissolves as much iodine as the combined 
iodine contained in it 

When the solutions are very concentrated much more iodine is 
dissolvied than the proportional amount. Accordingly, a saturated 
solution of iodine in concentrated potassium iodide deposits solid 
iodine when it is diluted with water. The cause probably lies in an 
alteration of the solvent ; owing to its greater chemical similarity, 
the concentrated solution of potassium iodide is a better solvent than 
the dilute solution 

If two of the substances are in the solid state in contact with 
the solution, the system is comparable with that of two solids and 
a vapour. The equilibrium, which is represented in the solution by 
aj"'ia 2 “= = kb", is simplified because two of the three concentrations 
are constant. The third is also constant, and there is a fixed com- 
position of the solution, which varies only with the temperature, but 
is absolutely independent of the amounts of the solids and of the 
initial composition of the solution. 

The double salts are examples of this case. While, for example, 
the solubility of copper sulphate in a solution, which contains 
potassium sulphate, alters with the concentration of the latter, 
so that it has been called the “ displacement ” of the one salt by the 
other, the concentration becomes independent of the amount of 
potassium sulphate, as soon as the double salt potassium copper 
sulphate occurs as h, solid along with the solid copper sulphate. If 
equilibrium has not yet been established, solution or separation of 
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the salts of one or both takes place, until the fixed concentrations of 
all the components have been reached. 

. Evidently there are in this case three equilibria, according as 
the two components, or one or other of thepi and the compound, are 
present as the solid iihases. In the present instance, they are 
solution with potassium sulphate and copper sulphate, solution with 
potassium sulphate and double salt, solution with copper sulphate and 
double salt. One of the three equilibria is in general unstable; 
in the present example it is the first, and a solution saturated with 
both components will spontaneously deposit the double salt after 
some time, one of the single salts disappearing during this process , 
in this way the new equilibrium is established. 

Such cases of equilibrium are not adapted for testing the law of 
mass-action, as the ionisation introduces a complication which is very 
difficult to overcome. 

An example which illustrates the three equilibria, and is not 
open to the above objection, is the formation of the compound of 
anthracene and picric acid (containing one mol of each) in alcoholic 
solution (Bohrond, 1894). 

The following table contains the solubility results at 25° . 


Solid Phases 


Aiithraconu 
Pioiio acid 
Anthiacono free = a, 
Pima acid ficc=a„ 
Piorato=b. 

;qa.j/b 



2 3 4 

•190 200 •215 

1 017 2^071 2-673 

•176 -170 -176 

•999 2 032 2 623 

•032 -069 -089 

5 5 6-2 5 2 


•176 

S-106 

•119 


183 
3 401 
•121 
5’1 


Antliiaoeiie 
Pioiio acid . 
Aiitbraceiie frce=ii, 
Pic no acid free =03 
ricrato=b . 


•202 

3- 994 
•140 

3 926 
•121 

4- 8 


8 

•180 

6-087 

•127 

6-019 

•121 

5-3 


9 

•162 
6-843 
•109 
5 776 
•121 
6-2 


10 

6-727 
•098 
6 669 
•121 
6 4 



•149 

7'511 

•096 

7-443 

•121 

5-2 


The numliers are parts by weight in 100 parts of the solution. 
Each column gives the composition of a definite .solution, which is 
in oquililirium with the solids under which it stands. The rows 
have the following meaning. 

The “anthracene” and "picric acid” rows contain the direct 
results of analysis, giving the sum of the combined'and uncombined 
amounts of those components. To ascertain how much the un- 
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combined part _ comes to, solubility determinations of the two 
components in the pure state were carried out ; these are given in 
columns 1 and 12. All the solutions in equilibrium with solid 
anthracene must contain '176 of it, and the excess of anthracene 
above this amount is present as picrate. The same holds for solu- 
tions saturated with picric acid. In this way the free parts and the 
amount present as picrata in the different solutions are calculated. 
The amount of picrate calculated from the compositions of solution 6 
and solution 1 1 should be the same for the two solutions, since they 
are both in equilibrium with solid picrate. On making the calcula- 
tion we find that they are practically in agreement, though it is only 
moderate owing to the considerable errors of experiment.^ 

The expression is constant, as is seen from the last row, 

or, rather, it oscillates round a mean value. In solutions 2 to 6 
a^ is constant, whence aj/b = constant , in solutions 6 to 1 1 b is con- 
stant, whence a^aj = constant. In solutions 6 and 11 two solid 
phases arc present; there is only one composition for each of them, 
independent of the amounts of the components present. No attempt 
was made to prepare the third constant solution which would be in 
equilibrium with anthracene and picric acid. It is in the unstable 
region, but it is possibly in the metastable region, in which case the 
solution could still be prepared, although it would be supersaturated 
with respect to the picrate. 

The Distribution Law. — Another very interesting case of 
equilibrium in solution occurs when there are two liquid phases 
If two liquids are practically immiscible, and a substance is added 
which can dissolve in each, it will be distributed between the two 
solvents, as a gas distributes itself between the gas space and a liquid 
solvent. Henry’s law, that the concentrations in the two 
phases are in a constant ratio, is literally true in this case also. 
The ratio is known as the distribution coefficient. 

When a gas dissolves in a liquid, the concentration in the liquid 
is naturally referred to that in the gas ; but there is no such natural 
lireference in the case of two liquids, and, in working with distribu- 
tion coefficients, care should be taken to state which liquid is taken 
as standard - The statement that the distribution coefficient of 
succinic acid in water and ether is 6'0 means that the equation 
concentration in water _ g.Q 
concentration in ether 

is satisfied. 

This law was discovered by Berthelot and Jungfleisch (1872), 
and was proved by a number of examples. Later, numerous applications 
of the law, especially by W. Nernst, have demonstrated its accuracy 

^ On this account, the amount of free anthracene la given in solution 6 as ‘183 instead 
of -116. 
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and the wide extent of its validity. The following series of obserra- 
tions with snccinie acid will serve to illustrate it. 


GoiroEiiT»ATioii. Ratio. 

In Watw. In Etlior. • 

42-4 7-1 6'0 

4S-8 7-4 6 ’9 

47-4 7-9 6 0 


If the investigation is carried much further the distribution 
coefficient is found to change. There are two reasons for this, hi 
the first place, the condition of a solute often alters with the dilution, 
chemical action with one or other solvent taking place. The effect 
this will have on the distribution coefficient is easily understood from 
the considerations given on p. 307. If the chemical action reduces 
the iiiimbor of mols present, the relative quantity of the compound 
will increase with increase of concentration. On the assumption that 
this part remains mainly in the solution in which it is formed (and 
this is in most cases justified), the distribution coefficient will increase 
in favour of this solution when the concentration increases, and 
will decrease when the concentration diminishes. Conversely, if 
the number of mols of a substance increases owing to the chemical 
action of the solvent, it will, on dilution, accumulate more and more 
in the solution in which this increase takes place If the number 
of mols remains unchanged, dilution has no influence on the distribu- 
tion coefficient, although chemical actions may take place between 
the solvent and the solute. 

In the second place, the deviations from the simple laws of 
solutions which occur at greater concentrations may cause an 
alteration of the distribution coefficient. Not only is the behaviour 
of the substance to the single solutions changed, but the mufeiTr 
solubility of the two solvents, which is always present, however small 
it may be, is also changed when considerable quantities of the third 
substance are present. This generally takes the form of increased 
mutual solubility, and the distribution coefficient no longer refers 
to the same solvents as before. 

The applications of this distribution law are numerous and 
o.xtonsive. In complicated cases, in which several substances are 
concerned, it is enlarged after the analogy of Dalton’s law of .the 
solubility of mixed gases; the distribution is then regarded as in- 
dependent of the presence of other substances (which also 
undergo distribution). This assumption is only a limiting case, 
which is not justified even at comparatively small concentrations, 
so that one must be prepared for measurable deviations from the 
simple distribution law. 

Conclusion. — Oases in which more than three components appear 
can be treated in a similar manner to reactions of the third order. 
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Althougli they are of greater complexity, no really new points 
arise, and a survey of the general relations can he made on the 
same general principles. To enter upon a detailed account of them 
is beyond the scope of this book. 

The present treatment of equilibrium problems is essentially 
formal, since the form of the relations between the defining 
magnitudes has been taken into account, but not the connexion 
between the constants and the chemical natnre of the substances 
concerned. 

This is a problem which really belongs to descriptive Chemistry, 
and the text-books of the future will contain such data as well as 
melting- and boiling-points Our jiresent knowledge, however, of 
these magnitudes is so little developed that they cannot be employed 
as general aids to description. Some account of What is known in 
this direction will be given later on. 
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CHAPTER XV 

EliKOTROLYTIC CONDTJOTION 

. General. — A rod of perfectly pure zinc is not attacked by dilute 
sulphuric acid, neither is a rod of platinum. But if wo immerse 
simultaneously a zinc rod and a platinum rod in the acid and bring 
the projecting ends into contact, either directly or by moans of a 
metallic wire, the zinc is dissolved, and the Jiydrogen expelled 
from the acid appears on the platinum. The ooniieoting wire 
has at the same time assumed peculiar properties ; if a magnetic 
needle is held parallel to it, the needle suffers immediate deflection , 
if it bo cut at any point and the ends jilaced ajiart from each 
other on a piece of litmus p.aper moistened with a solution of salt, 
there appears at the end connected with the zinc a blue speck, and 
at tho end connected with the jilatinum a red speck ; lastly, the wire 
becomes warm. All these phenomena cease on the removal of one 
of tho metals from the liquid. 

They serve to show that with the arrangement described, the 
chemical action between zinc and sulphuric acid produces effects at 
a distance from where it actually takes place, in tho wire namely. 
The chemical energy produced where the acid attacks the zinc 
niust therefore have been transformed into another form capable_ of 
passing through metals and liquids, and of exercising chemical and 
thermal .actions at any part of its course. 

The only change to be observed in the propei;ties of the sub- 
stances taking part in the action is that the metals have become 
charged with electricity, the charge on the zinc being negative and 
on the pLatinum positive. If the two metals be connected by a 
conductor tho difference is not 'adjusted, for afteff tho removal of 
the conductor the metals are again found to be charged. But we 
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know that ojoposite electrical charges in metallic conductors neutralise 
each other. It only remains, therefore, to conclude that the charges 
are continually neutralised by means of the connecting wire, but 
that they are just as jjegularly reproduced in the metals By this 
process there comes into existence in the system what is termed an 
electric current. 

The electric current is connected with the chemical action on the 
zinc, not only in point of time, but also causally The current ceases 
when the chemical process is in any way prevented : it can perform 
work, and consequently contains energy, which it must derive from 
the chemical process, this being the only available source. We may ' 
thus say that, in the system we have described, chemical energy is 
transformed into electrical energy. 

Conservation of Energy. — The transformation must, in the first 
instance, be subject to the law of the equivalence of energy. Since, 
during the solution of zinc in sulphuric acid as usually performed, 
all the chemical energy is transformed into heat, so much less heat 
must appear at the seat of reaction, the more electrical energy passes 
into the connecting wire. If this also is changed into heat, the sum 
of all the different quantities of heat produced must be constant, and 
equal to the heat of solution of the zinc. 

These consequences of the fundamental principle of energy have 
been experimentally tested by J oule and especially by Tavr e (1 8B4), 
and confirmed in all particulars. From a system consisting of zinc, 
sulphuric acid, and platinum — a voltaic (or galvanic) element as 
it IS usually called — more than half the heat of solution of the zinc 
may be obtained in the form of electiical energy; but if this be 
again changed into heat by conducting the current through a long 
thin wire, the original quantity of heat is exactly reproduced. 

By making use of the electromagnetic forces we can transform 
the electrical energy, obtained from the chemical, into work. The 
total evolution of heat in this case is smaller by the thermal equiva- 
lent of the mechanical work done. This result was also confirmed 
by Favre. 

Lastly, we can use the electrical energy to perform chemical 
work. If the current from several such voltaic elements is con- 
ducted to two platinum plates immersed in dilute sulphuric acid, 
a development of oxygen and hydrogen takes place on these. The 
total heat given out is again less than before, and that exactly by 
the amount of the heat of combination of the two gases to form 
water. Here once more we have strict fulfilment of the law of the 
conservation of energy. 

The Factors of Electrical Energy. — ^Like the other forms of 
energy, electrical energy appears as the product of two factors, one 
of which IS called the quantity of electricity, the other — potential, 
tension, or electromotive-force The first factor is a capacity. 
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the aeoonil an intensity, so that eloctncal energy capable of un- 
rostrainod inovoment in a system can only assume a permanent 
stable state when the second magnitiido is the same throughout the 
system, When this is not the case, a change of state occurs from 
Avhich work may be obtained, just as it can be got from a change 
of state of heat or of any other form of energy. 

The other factor, the quantity of electricity, is usually looked 
upon as being the real existent thing that lies at the bottom of all 
electrical jihenomena, and the whole nomenclature of electrical science 
has been formed in accordance ivith this conception. Although the 
'view has often been found very convenient, it must still be borne m 
mind that the thing underlying electrical phenomena is electrical 
energy, and tliat the nomenclature usually adopted is only of value as 
atlbrding us, in many cases, a means of clear and concise formulation. 

The Electric Current. — If the quantity of electricity in a voltaic 
current passing through a section of the conductor in one second be 
donated by i, ourront strength; and the electromotive-force between 
two parts of the circuit by E ; then, by definition, the energy corre- 
sponding to tins motion of electricity is Ei. If the current in the 
part of the circuit considered performs no external work, its energy 
is completely transformed into heat ; if we denote this liy W, we get 
W = Ei. 

\yQ are accustomed to conceive the way in which electrical energy 
passes into heat as being analogous to the conversion of the mechani- 
cal work of a flowing liquid into heat — a sort of friction is supposed 
to resist the motion of the electricity, and the operation of overoom- 
ing this conditions the transformation of the electrical energy into 
heat. The electromotive-force corresponds to the pressure under 
which the liquid moves. We therefore define the resistance E of a 
conductor in accordance with these ideas, as the quotient of the 
electromotive-force E, by the quantity of electricity forced by it 
through the conductor in unit time, i.e. by the current strength i 
E is found to be independent of the electromotive force and the 
current strength. We have thus 



This IS the n ell-known law of Ohm, that the current strength is 
equal to the electromotive-force divided by the resistance. 

Experience has proved it to be a general law of nature, which is 
independent of any particular rejiresontatidii of the nature of electrical 
resistance. 

If in the equation W=:Ei we substitute for E the equivalent 
value Ei it follows that • •• r 


W = Ei2. 



ELEOTEOLYTIO OONDTJOTION 


381 


The quantity of heat developed by the passage of electricity through 
a conductor is proportional to the square of the current strength 
(the quantity of electricity passing per second) if the resistance is 
constant, and proportional to the resistance if the cui'rent strength 
IS constant. This law was experimentally discovered by Joule 
(1841) and has frequently received confirmation. 

Units. — For the magnitudes above defined units have been 
introduced, which, in a manner that cannot be explained here, have 
been derived from the consideration of electrostatic and electromag- 
netic processes. As unit of resistance we take that at 0° of a column 
of mercury 106 23 cm. long, and 1 sq. mm. in section; this resistance' 
is called an ohm. The unit of current strength is so defined that 
O'OOlllS g. of silver is separated in one second; this is called an 
ampere, and the quantity of electricity transported in a second is a 
coulomb. The tension ^ which is required to cause unit of current to . 
flow through a conductor of 1 ohm resistance is taken as unit of 
tension, and is a volt. A voltaic cell of cadmium and mercury 
in the saturated solution of their sulphates has the tension 1'0186 
volt. This unit is specified by the equation 

i = E/E, 

and the values of E and i defined above. 

These magnitudes are so chosen that the electrical energy, volt x 
coulomb, IS equal to 10^ absolute units or ergs. It has already been 
mentioned under the name Joule as a general praotioal unit of 
energy. From the data given on p. 249, we obtain as a value of the 
Joule that a current of 1 volt tension passing for 1 second through a 
resistance of 1 ohm, 1 coulomb being thereby set in motion, develops 
sufficient heat to raise 1 g. of water from 0° to 0'239° 0. 

Faraday’s Law. — The motion of electricity in bodies which admit 
of it at all takes place in two distinct ways. When electricity passes 
through conductors of the first class, those only experience 
heating according to Joule’s law (see above), and no other material 
change. Metals, alloys, carbon, and a few other substances constitute 
this class. 

Conductors of the second class can only permit the move- 
ment of electricity in such a way that a chemical change takes place 
in them simultaneously The chief members of this class are salts, 
fused or in solution, and further, aqueous solutions of acids and 
bases — all of these being compound substances, as wo see. 

In such conductors of the second class, or electrolytes, the 
movement of electricity takes place so that the metals (or metallic 
radicals) of the salts and bases, and the hydrogen of the acids, move 
from the positive part of the circuit to the negative, while the acid 

^ For flio sake of brevity, “tension” la uaeil instead of the longei “potential 
dill'Breuoe” or "electromotive force.” 
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ivadicals or olemcnts, such as chlorine, bromine, iodine, and also the 
hydroxyl of bases, move in the opposite direction. These components, 
the ions, are set free ivdiere the electrolyte is in contact with metal 
conducting the current. 

Faraday in 1833 discovered the general law that equal 
quantities of electricity on passing through different 
electrolytes require equivalent quantities of tdie ions for 
their transport. If several different electrolytes are introduced 
into the same circuit (in which according to tho laws of electricity 
equal quantities of electricity pass through every section in equal 
• times), then the quantities of the liberated metals or hydrogen, 
as well as those of the acid radicals, are in equivalent proportions. 

AVe Imow that the equivalent of an element is its atomic weight 
divided by its valency. If we have, for example, solutions of silver 
nitrate, cupric sulphate, and antimony trichloride in a series in the 
same circuit, the (juantities of metal simultaneously deposited are m 
the projiortion of 108 of silver to J G3'3 of copper to 120 of anti- 
mony. Of tho acid radicals we obtain at tho same tune, NO 3 , -J SO 4 , 
and i CI 3 . 

Tho electrolytic suhmoleculcs of equal valency behave as if each 
had tho same capacity for electricity, so that equal ijuaiitities of 
electricity are convoyed by the same number of them, no matter what 
their nature Kecont researches have led to the view that oleqtno 
energy only occurs in definite, very small, iiid^iendent quantities of 
eleotiicityq to which the name electron is applied. Each 1011 is in_ 
combination with as many electrons as it has valencies. 

AVe know that there are certain substances, especially metals, 
which can act with different valencies ; thus, for example, mercury and 
copper are univalent and bivalent, tin bivalent and quadrivalent, iron 
bivalent and trivalent. According as one or other set of these com- 
pounds is used for conducting the current, each atom transports so 
many times tho electricity capable of being transported by a univalent 
atom as the metal has active valencies 111 the compound in question, 
or is united with a corrospondiiig uuniber of electrons. 

If wo take the electricity transported by one gram of hydrogen as 
our unit, 63-3 g. of copper 111 cuprous compounds convey one unit, 
and the same quantity in cupric compounds two units In a similar 
way, 5G g of iron in ferrous compounds transport two units, and m 
ferric compounds three units. The group FefCN)^ as a component 
of potassium ferrocyanide transports four units of (negative) electricity; 
but 111 potassium ferricyanide only three. Having regard to this 
property we shall continually distinguish between univalent, 
bivalent, trivalent, etc, ions. Hydrogen and tho metals, which 
convey positive electricity, are called positive ions or kations; the 
halogens and other acid radicals, by moans of which the negative 
electricity is transported, are called negative ions or anions. 
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In order to understand Faraday’s law we must carefully guard 
against the error of supposing the separation of the ions at the 
electrodes, i.e. the places wWe the electricity passes from the 
electrolyte into the metallic portion of the circuit, to be the essential 
part of the law. That'’i3 not the case ; the law refers rather to every 
kind of motion of the electricity within conductors of the second 
class. Of course the separation of the ions at the electrodes is the 
only means of proving the accuracy of Faraday’s law, and as far as 
this proof has yet been taken the law holds strictly true ; the quantity 
of electricity is always exactly proportional to the amount of the ions 
separated, and the latter are always in the ratio of their equivalents 
for equal quantities of electricity. In particular, not the slightest 
indication has been obtained of metallic conduction, which some 
physicists think possible, i.e conduction of electricity independent of 
motion of the ions. 

Application to the Voltaic Cell. — As Faraday’s law holds good 
for all movements of electricity within electrolytes, the development 
of electricity in voltaic elements (p. 378) must also be determined 
by it. If the ions of sulphuric acid iii the system [zinc, dilute 
sulphuric acid, platinum] move so that the group SO,^ goes towards 
the zinc and forms zinc sulphate with it, while Hg moves towards the 
platinum and is evolved there as gas, then two units of electricity 
as above defined must be set m motion for every 66‘4: g. of zinc 
dissolved, or 98 g of sulphuric acid decomposed. We may say in 
general that every voltaic element, independent of its natiuie or of 
the character of the chemical process, produces the same quantity of 
electricity by consuming one equivalent of the metal. 

It is of interest for many purposes to know the quantity of 
electricity moving with 1 0078 g. of hydrogen or with the equivalent 
quantity of another ion. According to the experiments of Kohlr ausch 
and Lord Eayleigh this amount is 96,640 coulombs, this being 
represented by the symbol F. Conversely, a coulomb requires for 
its transport in an electrolyte 6 gram-equivalents of any ion. 

This consequence from Faraday’s law, that every voltaic element 
on the consumption of one gram-equivalent of its active substances 
always sets 96,640 coulombs in motion was extensively confirmed by 
Eenault (1867). There were found to be numerous examples 
of a metal having different electrochemical equivalents, always in 
rational proportions, according to the nature of the compounds 
containing it. Thus 96,540 coul, are set m motion by 200 g. of 
mercury dissolving in dilute nitric acid to form mercurous nitrate, 
but 100 g. are sufficient when the solvent is potassium cyanide, 
mercuric cyanide Hg(CN)2 being formed. The electrochemical 
equivalent of copper m dilute hydrochloric acid is 63'3, cuprous 
chloride being’ the product, while in dilute nitric acid it is 3r7, for 
then cupric nitrate is formed. Tin usually acts with the equivalent 
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J 118; but in potassinm pentasulphide, when it dissolves with 
formation of SnSj, ite equivalent is only 4' Tellurium in 

hydrochloric acid has the equivalent i 126 5, in potash -I 126 '5. 

Faraday’s law both in this form and in that respecting electrolysis 
was formerly misunderstood as meaning that equal quantities of 
electricity in the various equivalents conditioned the same ex- 
penditure or gain of work; Berzelius in particular was a 
violent opponent of the law owing to this misunderstanding. From 
our point of view we see that there is no question of energy or work 
here at all. Faraday’s law only considers one factor of electrical 
energy, viz. quantity ; the other factor, electromotive-force, remains 
unheeded. 

Electrolytic Conduction. — "We have already learned that by no 
moans all compound substances are capable of conducting electricity 
olectrolytically, i.e. by help of ponderable particles. The property is 
possessed principally by aqueous solutions of salts, acids, and bases ; 
it is only observed with those substances that can instantaneously 
effect an exchange of their components. 

If wo think for a moment that, according to Faraday’s law, for 
the purpose of electrolytic conduction jiarticles laden with positive 
electricity must move in one direction, while particles charged with 
negative electricity move in the other, we see that the ability to 
conduct depends on the ability to form such vobicles for the electricity. 
Now electrical energy is a binary form of energy, and polar m 
nature ; positive or negative electricity cannot exist alone, but both 
result simultaneously and in such quantities that their algebraic sum 
is zero. A substance which can effect electrolytic oonduotion must' 
split up into two equivalent parts, which carry equivalent amounts' 
of positive and negative electricity These are called the ions of the 
original, non -electric, and non-conducting substance; those which’ 
travel in the direction of the iiositive current are kations, the others 
are the anions. 

Formerly, therefore, electricity had ascidbed to it the property of 
effecting this decomposition on its entranco into an electrolyte, and of 
availing itself of the fragments for its own transport, Several facts, 
liowovur, arc at variance with this view. A certain amount of work 
' would evidently be required to eifect such a decomposition, but 
electricity according to our experience moves in electrolytic conductors 
with the same freedom as in metals ; there is conseiiuently no place 
for such work. Clausius therefore (1857) assumed, in unconscious 
agreement with an idea developed by AVilliamson (1861) for quite 
other purposes, that a small fraction of the molecules in electrolytes 
are decomposed into their components ; the parts, already separated, 
are immediately seized on by the electricity to effect its transport, so 
that it has to perform no work in the matter at all. ■" 

The question soon arises as to the proportion of decomposed 
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molecules in a definite electrolyte, eg. in a normal solution of 
potassium chloride (74‘5 g, per litre). Clausius left this question 
unanswered and only stated his general opinion that the number was 
not necessarily large. .,The influence of dilution on eleetrolytic 
conductiYity led Arrhenius (1887) to the opposite view, that in 
ordinary dilute solutions the number is very considerable The 
general laws of electric conductivity, on which this conclusion is 
based, will now be dealt with in some detail. 

Conductivity. — If a conductor of either kind be introduced into 
a circuit, the resistance, according to Ohm’s law, is independent of 
the current strength, but it depends upon the temperature, the form, 
and the chemical nature of the conductor. As to form, the resistance 
IS proportional to the length and inversely as the cross-section of the 
conductor j it is eliminated by referring the resistance to a cylinder 
or prism of 1 sq. cm. cross-section and .1 cm. in length (e.g. a cube 
with 1 cm. side). This resistance in ohms is the specific resistance 
of the substance at the given temperature 

The resistance of eleetrolytic conductors, e.g. of salt solutions, 
is approximately inversely proportional to the concentration of the 
solution; the conduction depends upon the amount of salt present 
It is therefore better to substitute for resistance its reciprocal 
conductivity, L=l/W, which varies directly with the concentration. 

Conductivity varies, however, with the amount of salt. As 
equal quantities of electricity are conveyed by chemical equivalents 
of substances (Faraday’s law) it is convenient to refer conductivity 
to electrically or chemically equivalent quantities of the salts present 
in solution. The corresponding definitions can be obtained as follows ; 

Imagine a vessel formed of two electrodes of great extent, 
1 cm. distant from each other, and the necessary non-conducting 
walls. Let so much of the electrolytic liquid be introduced into 
this vessel that it contains a gram-equivalent of the electrolyte. 
This system will have a definite resistance in ohms and a corre- 
sponding conductivity ; this is the equivalent conductivity. 

If the vessel contained a mol of the substance instead of an 
equivalent, the conductivity would be the molar or molecular 
conductivity. For univalent electrolytes the two are the same ; for 
midtivalent ones, the molar is a multiple of the equivalent con- 
ductivity. The conductivity of a given electrolyte depends in the 
first instance on the temperature, increasing almost without exception 
with rise of temperature, and mostly by about 2 per cent per 
degree. It is further dependent on the state of dilution, increasing 
almost always simultaneously with this. The increase is very con- 
siderable for bad conductors, small for good conductors, the molar 
conductivity ever;^where approximating with increase of dilution to a 
limiting value which can be practically attained by good conductors ; 
in the case of bad conductors, such as acetic acid or ammonia, even 
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iit the most oxti'emc dilutions accessible to measurement, -the molar 
conductivity is still far removed from the limit. 

Methods, — The measurement of the electric conductivity of 
electrolytes was for a long time a very difficult operation ; a method 
at once convonioiit and exact was first given by Kohlrausch (1880), 
Such measurements are almost inseparably bound to the use of 
clootrodes which, as soon as the current passes from them into the 
electrolytic licpiid, become through “polarisation” the seat of 
unhnowu electromotive-forces {vide infra), so that the usual methods 
for conductors of the first class are not applicable here at all. By 
substituting alternating currents {i.e currents that incessantly 
change their direction) for ordinary currents, Kohlrausch succeeded 
m obviating the disturb- 
ing influence of polarisa- 
tion, and in rendering 
exact measurement pos- 
sible. 

His apparatus is 
coiistruotod on the 
plan of Wheatstone’s 
bridge, and is diagram- 
matically represented in 
Pig. 56. The alternat- 
,ing currents of a small 
induction cod J are 
Fifi fill conducted by means of. 

a sliding contact d to 
a wire^ 1 metre long and stretched on a scale divided into mdli- 
metres. On the one hand, they pass through the wire da and db, 
and on the other through the resistance box E, and the conducting 
licpiid W by the paths cEa and oWb ; the telephone T is joined to 
a and b. 

It IS well known that in such an arrangement no current flows 
through the “bridge” aTb when the resistance E is to the resistance 
\\ as ad : db. The silence of the telephone indicates when this 
occurs. Wo therefore move the carriage with d along the wire ab 
until we find the spot at which the telephone no longer speaks. As 

E : W = ad • db, the resistance W required is equal to E^, or the 

conductivity L = ^ 

io c.alculate the equivalent or molar conductivity from the con- 
ductivity so obtained for the liquid in W, we must multiply the 
latter by the “capacity” of the re.sistance-oell,.. and also by the 

^ eOMtautan or aiuulai resistanoo wiru , it sliouUl ■ 

u.u u as yi viit a resistaiiL-e us possible. 
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dilution, i.e. the number of litres in which a gram equivalent or a 
mol of the electrolyte is contained. The capacity is found by 
introducing into the cell a liquid of known conductivity and 
composition, and finding its resistance. If M is the molar con- 
ductivity of the liquid, and V its dilution, then wc obtain the factor 
K for transforming the conductivity measured in the cell into 
molar conductivity from the equation 


M = K. 


V.ad 

R.db 


M.R.db 
V . ad ■ 


If we now measure another liquid of the dilution v, its molar 
conductivity will be 




The cells used for measuring conductivities are of different con- 
struction according to the magnitude of the conductivity, for it is 
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found that resistances below 10 or above 10,000 ohms cannot well 
be measured with the apparatus. For liquids that are good con- 
ductors we therefore choose cells in which the electrodes are a 
considerable distance apart, and the column of liquid between them 
of small section ; for bad conductors the conditions must be reversed. 
The accompanying diagrams (Figs. 67, 68) show two forms that suffice 
in almost all oases The electrodes are made of platinum, and should 
be coated with platinum Tilack by electrolysing a very dilute solution 
of platinum chloride between them, with occasional change of direction 
of the current, until their surface is covered with a black velvety 
coating.^ 

A suitable soluVouhas tlie composition • water 30, platmic chlornle 1, lead acetate 
O'OOS (Lnmmer and Kiirlbniim) , tlie surface is so eJlbotive that electrodes of Isq. om. 
area can be used. 
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It is now easy to ascertain tho share of the different ions in the 
conductivity. On the electrolysis of a solution of potassium chloride, 
for example, the concentrations at the two electrodes remain almost | 
exactly equal , consequently the ions K and 01 move at the same rate, i 
viz. (if we use the units of p. 387) 63-6 in solutions of 1000 1. dilution ^ 
Urbrn this it follows at once that the rate of migration of sodium is 
42-2, of lithium only 29'8, etc. • i 

By determining a single ratio of transport, e.ff. that of potassium 
chloride, we can calculate the velocities of all the ions, provided the 
conductivitiesare known; and, if wo know the latter, we can at once , 
proceed backwards to the transport ratios of all the salts formed 
of these ions. Kolilrausch has shown that the results of such a cal- ( 
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oulation agree most coinplotel}’- with the direct determinations of the 
transport ratios made by Hittorf. 

Tho strong acids of the type of hydrochloric and nitric acids 
behave similarly to the neutral salts, their conductivity, however, 
lioing much greater. As the velocity of tho negative ions is known, 
tho greater conductivity can only bo due to the great velocity of the 
hydrion. The following table contains tho equivalent conductivities 
at 18° of a few .acids measured by Kolilrausch • — 


HCl 

301 

361 

370 

376 


HNOa IHjSO, iHjPOi 
310 198 22 

350 225 

383 308 85 

373 365 lOB 


C3H4O2 

1-82 

4’60 


14 

41 


At a dilution of 1000 1., when chloride ion has a velocity of 63'3, wo 
get for the hydrion of hydrochloric acid, and consequently for 
hydrion in gener.il, a velocity of 311. Hydrion therefore migrates 
five times ns fast as chloride ion. 

Groat changes of concentration must thus appeal at the electrodes 
when acids are electrolysed. These changes have also been measured 
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by Hittorf, and Kohlrausch has shown that they are in perfect 
concordance with the theory of the independent migration of the ions. 
Kohlrausch gives the conductivity of bases at 18'’ as follows : 


Dilution. ^KOH 

1 1 184 

IQ 1 213 

100 1 228 

1000 1, 234 


NaOH NHjOH 

160 89 

183 3 -3 

200 9 6 

208 28-0 


From the velocity of migration of potassium ion, which is 64‘4, it 
follows that the velocity of hydroxidion OH' is 172, which, theiefore, 
migrates considerably faster than the other negative ions, e.g. about 
2 '6 times as fast as ohloride ion — one of the next fastest. 

Electrolytic Dissociation. — While the strong acids and bases thus 
obey the law of Kohlrausch, the weak acids and bases diverge from 
it exceedingly. Neither phosphoric acid, nor acetic acid, nor ammonia 
gives numbers that can be brought into harmony with the law, for 
their conductivities are smaller than the velocity of migration of 
hydrion on the one hand, and hydroxidion on the other, so that even 
the assumption that one of the ions did not move at all would still 
give much larger numbers than those observed 

The explanation of these abnormalities may he found in the fact 
that we have neglected in our last considerations a factor of the 
conductivity which has been already indicated The equivalent con- 
ductivity can only be represented as the sum of the velocities of 
migration of the ionS, when the number of ions conveying 
electricity is the same in all cases. Now it is true that we have 
compared solutions containing equivalent quantities of the different 
electrolytes, but we have still to find out whether equal numbers 
of free ions are contained in tbeso equivalent quantities, for the 
ions alone are active in the conduction of electricity. 

Determinations of the freezing-point of solutions show that 
hydrochloric acid and potash exert an influence almost twice as great ns 
that which corresponds to their molar weight — they are thus almost 
completely dissociated into their ions. Acetic acid and ammonia, on 
the other hand, depress the freezmg-pomt almost as indifferent sub- 
stances, i.6 as calculated from their molar weight — very few free 
ions exist in them. Phosphoric acid lies between the two, but nearer 
acetic acid than hydrochloric acid , it is thus partially, but still very 
far from fully, dissociated into its ions. 

Consequently the law of Kohlrausch is not to be written in the 
form g, = u + v, where ji, ip the molar conductivity and u and v the 
velocities of migration of the ions, but in the form 


. /i = x(uy), 

X representing the portion of the electrolyte dissociated into its ions. • 
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Only at infinite dilution does tlie dissociation become complete, when 
the corresponding conductivity x being 1, is given by tbe equation 

/x.„=n + V. 

Tbe law of Kohlrausch, therefore, only holds strictly for 
infinitely dilute solutions. 

It has been already mentioned that the salts, especially those 
with univalent ions, are as good as completely dissociated at dilutions 
practically attainable (at about 1000 1.) ; fm-ther dilution does not 
alter their condition. The same applies to strong acids and bases. 
For these substances, therefore, we can determine with sufficient 
approximation. The salts of weak acids with strong bases and of 
weak bases with strong acids behave similarly to salts with both 
components strong. Consequently, by investigating such salts we 
can ascertain the velocity of migration of the ions of weak acids and 
bases, so that this property is accessible to measurement for all ions 
whatsoever 

If wo are thus in possession of this knowledge of the values of u 
and V for every electrolyte, we can easily calculate the portion x of 
the electrolyte dissociated into ions, or the degree of electrolytic 
dissociation, from the equations 

/X = x(u + v) 

for by division wo obtain 



The degree of dissociation of a dissolved electrolyte at 
any state of dilution is equal to the ratio of the molar 
conductivity nt this dilution to the molar conductivity at 
infinite dilution. 

. Independent Evidence of Dissociation. — A new question here 
arises. The above considerations rest exclusively on an electrical 
liasis ; the phenomena of electrolytic conduction led to the view that 
the substances which act as carriers of electricity in electrolytes are 
in a special state of dissociation, which depends upon the dilution, 
the temperature, and the nature of the substance The extent of 
this dissociation conditioned the amount of conductivity, the other 
conditions being comparable j and, conversely, measurement of the 
conductivity gives the extent of the dissociation. 

We have already been led to a similar conclusion by the deviations 
of certain dissolved substances from the simple Iftwc of solutions. 
If these considerations are right, electrolytic conductivity and 
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divergence from the laws of solutions should go hand in hand; 
further, both should occur only in the same substances, and to the 
same relative extent, This conclusion is fully borne out by the facts. 
In every case, a substance which in solution deviates from 
the laws of solution®, so that its osmotic pressure (or the 
change of freezing-point or boiling-point) is greater than 
corresponds to its molar weight, shows also electrolytic 
conduction, and vice versa. This relation holds quantitatively as 
well as qualitatively ; the degree of dissociation into ions is given 
both by the osmotic methods and by the electrical conductivity. 

Thus, on the one hand, the osmotic methods, as well as the 
stoichiometrical and chemical phenomena, and, on the other, the 
electrolytic phenomena lead us to the same representation of the 
condition of dissolved salts, and all these subjects are brought into 
intimate connexion. So much is this so, that we can frequently 
deduce the hitherto unknown behaviour of a substance in one of 
these respects from its known behaviour in the other. Such deduc- 
tions have been frequently made, and have been fully confirmed by 
experience. 
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IONS 

Salts. — Since the most widely differing phenomena presented by salt- 
solutions load us to the conclusion that in them a part of the salt is 
decomposed into two coexistent but independent components, to 
which the name ion has been given, it is now desirable to give some 
account of their nature, more especially as in many respects their 
properties differ markedly from those of other substances. 

The first rpicstion, “ What substances can form ions 1 ” is easily 
answered- salts (Hittorf, 1853). Under this name we understand 
a group of binary comxiounds which are characterised by the readiness 
to enter into chemical reactions, and the rapidity with which the 
reactions take place. These reactions do not take place between 
one or other elements of the salts but between the particular 
dissociation products, the ions. 

In the groat class of inorganic salts there is no doubt as to this 
characteristic, but it is uncertain whether some organic substances 
are to be reckoned as salts or not. In particular, one is inclined to 
class the esters, the compounds formed from acids and alcohols with 
loss of water, just as salts are formed from acids and bases, as salts. 
, The 'criterion of the extremely great velocity of reaction shows this 
, not to bo justified ; esters do not change their components instan- 
' taneously, but more or less slowly, sometimes not even to a 
me.isurable extent. Esters, therefore, are not to be considered as 
salts, in spite of the formal analogy of their formation. 

Another criterion of salts is in accordance with this conclusion. 
If electrolytic conductivity depends upon tho jiresence of ions, and 
their formation is characteristic of salts, the esters, if they are not 
1 salts, should bo non-conductors. This is the case; esters, alone 
' or in solution, do not conduct electricity to any considerable extent. 

Still, there is a very slight conductivity, and "also a slow 
interaction. We must therefore conclude that esters do possess the 
, essential property of salts, i e, dissociation into ions, although only in 
a feeble dqgroe. And in fact- this is the truelt' expression of 
experience. The limitation of salts as a class is not sharply defined, 
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but depends in part upon our means of observation and measurement. 
This is a peculiarity ■wjnch appears at every attempt at classification 
of a multiplicity of phenomena. The principal type, in which the 
characteristic property is most strongly developed, is easily 
recognised and placed, wliile in other cases it is less pronounced, and 
no sharp limit exists We may therefore call all those substances 
salts in the widest sense, which we can prove to give rise to ions, , 
i e in which we can observe reciprocal change of corresponding dis- 
aociation products, and electrolytic conduction. 

Electrical Properties of Ions. — The connexion betvreen ion- 
formation and electric conductivity points to the electric phenomena 
as being the essential feature in ion-formation. Salta decompose 
into components which act as carriers of positive and negative 
electricity. These components are therefore to be represented as 
united in some manner with these quantities of electricity. It does 
not matter whether the representation be molecular, in which the 
ions are looked upon as small electrically charged particles , it is 
sufficient to say that the formation of ions, and the formation of 
proportional quantities of positive and negative electricity 
are inseparably bound together. 

An immediate consequence of this is that only equivalent 
quantities of positive and of negative ions can be produced at any 
one time, for it is a fundamental principle of electricity that only 
equal amounts of the opposite kinds of electricity can be produced 
from a body which is originally electrically neutral. This 
equivalence of the oppositely charged ions is an essential condition 
in all possible reactions, since all reacting solutions fulfil this 
condition at the outset. 

If the two oppositely charged ions are present in equal amount in 
an electrically neutral solution, an electrically charged electrolyte 
will contain an excess of the corresponding ion. This was 
established by Ostwald and Nernst (1890). But the quantity of 
electricity which can be accumulated in a given electrolytic solution 
by an electrostatic charge is exceedingly small in comparison with 
the quantity of electricity associated with the ion in accordance 
with Baraday’s law (p. 383), so that a very considerable charge 
corresponds to so small a quantity of substance that special means are 
required to make-the effpet recognisable. . 

Oomposition of Ions. — The chemical constitution of ions is. 
easily made out in the case of the simplest salts. The ions of 
potassium chloride can only be chlorine and potassium (or their 
hydrates). Accordingly, all components of salts whiefi can replace 
potassium are kations, and all which can replace chlorine are anions. 
While kations are generally elementary in nature and formed from 
metals, the number of elementaty anions is . relatively small , 
they are the halogens and the elements of the sulphur group. 
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Compouiul kations are ammonhim and its derivatives, 
and the analogous compounds of the other elements of tlie nitrogen 
group. Other multivalent elements can form similar organic 
kations, as e.g. sulphur in the sulphmes, and many metals in their 
alkyl derivatives. ' 

Compound anions are very numerous ; most of them contain 
oxygen. Their composition is that of the corresponding acid minus 
hydrogen. 

Valency of Ions. — ^Wlnle Faraday’s law affords no direct means 
of ascertaining whether an ion is univalent or multivalent, this can 
I frequently he done from the chemical formula, and with certainty 
I from the osmotic laws. 

' In dilute solution of potassium chloride, for instance, the molar 
depression of the freezing-point is double the normal value , from this 
it is to be assumed that one mol of undissociated potassium chloride 
has split up into two mols of ions. For barium chloride the ratio is 
1:3, corresponding to the formula BaClj; barium -ion must be 
considered as bivalent, one mol being equivalent to two mols of 
chloride ion. If the combining weight of barium was reduced to 
half in order to write barium ion univalent, the salt baCl (ha 
represents barium with the combining weight 68‘7) would give twice 
the normal depression, tho quantity represented by BaClg, four times 
the normal depression. Since experiment shows the depression to be 
three times the normal value, the ion is bivalent and Ba= 137'4 
The same laws hold for ions as for the molar weights of ordinary 
compounds, and there are bivalent and multivalent ions as well as 
univalent ions. 

Univalent kations are formed by the alkali metals, by silver 
and thallium among the heavy metals, also by copper in cuprous 
compounds. Mercniy in mercurous compounds forms both univalent 
ions and, at greater concentrations, bivalent ions of the formula Hgj, 
which differ in many respects from tho univalent simple ions. 
Univalent ions are also foimed by ammonium and its numorous 
derivatives. 

Bivalent kations are produced from tho metals of the alkaline 
earths, and of the iron and copper groups; bivalent tin ions are 
present in stannous salts. The compound bivalent kation uranyl, 
UOo, is worthy of notice. ’ 

Trivaloiit kations are formed from the earthy metals and their 
analogues, as chromium, and iron (in the ferric salts) ; quadrivalent 
ions from the metals of the tin group. In theae, however, the 
tendency to form kations is very slight, in agreement with the 
feeble basic properties of the corresponding oxides. Kations of 
higher valency are scarcely known ; zirconium and thorium ions are 
quadrivalent. - ” - 

j Each mol of these multivalent ions carries with it two, three, or 
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four tunes the quantity of electricity F = 96540 coul. (p. 383) that 
univalent ions do according to Faraday’s law. 

There are likewise multivalent anions, in addition to the 
univalent ions. The latter are formed by the halogens, fluorine, 
chlorine, bromine, lodiife, and the similar (compound) cyanogen, 
thiocyanogeii; further, all the anions of other monobasic acids are 
univalent. • 

Bivalent elementary anions are those from sulphur, 
selenium, and tellurium in their metallic compounds, but the 
tendency to form ions is small. Many compound bivalent ions of 
dibasic acids are known. 

No trivalent elementary anions are known. According to 
analogy, the nitrides of the metals are salts of trivalent nitrogen ion ; 
solutions of them cannot be obtained, as they are decomposed by 
water into hydroxide and ammonia Compound trivalent ions from 
the tnbasio acids and their salts are numerous. 

Elementary anions of higher valency are not known ; compound 
anions, on the other hand, up to the sexavalent ion of mellitic acid. 
As a rule, it may be said that ions of high valency are formed with 
increasing difficulty. 

Names and Symbols. — The names of the elementary ions are formed 
by the addition of the suffix -ion. The compound anions are named 
after their salts ; thus the bivalent anion SO^ is called sulphate ion 
The suffix -ion denotes a substance, just as the ending acid or 
amine ; just as one would say nitric acid is an oxidising agent, one 
would say nickel ion is green, and not nickel ions are green. 
The latter mode of expression is reminiscent of molecular hypotheses, 
which it IS as well to avoid in an expression of actual behaviour, 
whether the hypothesis is considered probable or not. 

The chemical signs of ions do not differ from ordinary chemical 
formulse, so far as the elements and their coefficients are concerned. 
The ionic character, due to the electric charge, is indicated by adding 
a -I- or - sign. For typographical reasons, the common method of 
writing above the formula as many -H or - as corresponds with the 
valency is to be avoided. The displacement of the line caused by 
+ + + 

the symbols Fe, or SO^, is not compensated for by any advantage. 
It IS better to place the -t- or - to the right of the formula, as 

Fe+++, or PO 4 ; the only disadvantage is that such typo- 

! graphical signs are not always available. The system generally 
adopted now is to replace the - by an acute accent ', and the + by 
a dot ', ferric iofi being written Fe* ' and phosphate ion PO^"'. This 
system will be made use of in this book 

The Ions of Water. — The hydrogen and hydroxyl ions play a 
special part, „ These univalent ions are the dissociation products 
of water, which, corresponding to its very small conductivity is 
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dissociated to a very small extent (about 1 mol in 10' litres). 
Compounds which give hydnon (hydrogen ion) are acids ; those 
which give hydroxidion (hydroxyl ion) are bases. While ordinary 
salts, or those which give neither hydrion nor hydroxidion, are 
dissociated in aqueous solution to about the same extent, there are 
very great differences among the acids and bases, the salts of hydrion 
and hydroxidion. There are all degrees from almost complete dis- 
sociation at moderate dilution to mere traces of it, ie. up to the 
limits of experiment. Those which are dissociated to a large extent 
are the strong acids and bases — the others are weak. The charac- 
teristic properties of acids and bases depiend upon their concentration 
of hydrion or hydroxidion, being directly proportional to the 
concentration 

The well-known action of acids and bases upon organic colouring 
matters, such as litmus, is due to these ions; the acid reaction 
signifies the presence of hydrion, the alkaline reaction that of 
hydroxidion. 

Ionisation in Stages. — When a dibasic acid first undergoes 
dissociation the products arc not the bivalent anion and hydrion, but 
the univalent anion RH' and hydrion according to the scheme RHa = 
RH' + H‘, RH' further dissociating into R" and H’. In a similar 
iiiaiiner, a tribasic acid RH^ gives the intermediate stages RH^' and 
RH" before the trivalent anion R'" makes its appearance. This is 

i equally true of all compounds of multivalent ions , those ions are 
first formed which occasion the least separation into -t- and - 
electricity, or the least amount of dissociation , the further dissocia- 
tion takes place in stages. Thus the number of diflereiit dissociation 
products of compounds of multivalent ions is great. 

Formation of Ions. — The formation of ions from undissociated 
solid compounds occurs on liquefaction whether brought about by 
fusion or by solution Very little is known regarding the first 
process, in spite of its tlicoretical simplicity ; beyond the facts that 
the conductivity increases rapidly with rise of temperature, and that 
it is recognisable even in the solid state, there is nothing to be 
stated. 

Our knowledge of the formation of conducting solutions rests 
mainly on aqueous solutions, which have been very thoroughly 
studied The behaviour of other solutions has only recently been 
investigated to any extent. 

Salts in the wider sense, which includes acids and bases, become 
electrolytic conductors when dissolved in water • .they become dis- 
sociated into their ions. The dissociation is never complete, and 
always increases on dilution ; as already stated it is considerable in 
the case of most neutral salts, generally exceeding 50 per cent, 
while in tlie case of acids and bases all possible degrees of dissocia- 
tion occur, 'remperaturo has not any great influence on the degree 
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of dissociation. It acts in both directions, some substances being 
more dissociated, and others less dissociated, when the temperature 
is raised. These are questions of chemical equilibrium, and can only 
be fully discussed later. 

In other solvents sales often possess conductivity, and are con- 
sequently dissociated, but usually to a much less extent than m 
water. Nearest to this solvent are the alcohols, especially those 
with few carbon atoms; also acetone, ammonia, and some other 
liquids. 

The hydrocarbons, particularly the saturated hydrocarbons, and 
their halogen derivatives, and also the neutral ethers and esters all 
possess very slight dissociating power. The liquid organic acids, too, 
such as acetic acid (which in the pure state are practically non-con- 
ductors) have very little power of ionising dissolved substances. 

Properties of Ions. — These are in the main those of their solutions, 
due allowance being made for the solvent. Thus, the ions of the 
light metals and of the halogens are colourless, since the solutions of 
all the salts formed by combination of these ions are colourless. 
Coloured ions occur among the heavy metals — that of nickel is 
green, of cobalt red, of copper greenish-blue, of manganese light 
pink, of bivalent iron pale green. 

The properties of the individual ions can be determined only in 
a few cases, when the value for one ion is zero, as in the above 
example of coloured and colourless ions occurring together. When 
each ion contributes a definite amount to the property in question, 
j there are, in general, no me&ns of finding out what that amount is. 

' For since the ions can only exist in equivalent amounts of opposite 
' sign, any investigation of the property in a given solution gives the 
, sum of the values which belong to the two ions. Attempts to obtain 
I sufiicient data for the calculation, by investigating solutions with one 
i ion in common, are futile; there is always one variable too many, 

I or one equation too few. Only in those cases in which one more 
, datum can be ascertained by other means can the equations be 
' solved, and the values estimated for each of the ions. A practical 
i, illustration is afforded by the question as to the contribution of each 
lion to the total conductivity of a solution in accordance with 
jKohlrausch’s law, here the migration values supply the 
•necessary datum. 

The general relations between the velocities of migration of 
the different ions may be included here (c/. p. 390). 

Of the univalent metallic ions, potassium, csesium, and rubidium 
move most rapidly, and all three at about the same rate ; sodium 
moves considerably more slowly, lithium still more so. Ammonium 
has the same velocity as potassium, and thallium is not far removbd 
from these , sil re? comes very near sodium 

Amongst the bivalent kations, calcium, strontium, and barium move 
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■vvilh nearly the same speed ; magnesium is slower, and is followed 
closely by zinc, copper, and the other “ vitriol ” metals. 

Very little is known regarding the migration velocities of trivalent 
and higher elomonlary kations. 

Chloride, bromide, and iodide are amoiig the fastest univalent 
anions and are almost equal in speed. Perchlorate ion, CIO4, 
moves even more rapidly than these, and with decreasing velocity 
is followed by CIO3, BrOj, and 10 ^. Nitrate ion resembles chlorate 
ion. Fluoride ion possesses a considerably smaller velocity, a property 
which seemingly belongs generally to the members of the natural 
families of the elements with low atomic weight. 

The ions of the compound organic acids move more slowly the 
more atoms they contain. In comparatively simple radicals the 
nature of the elements is of decided influence; thus chlorine 
diminishes the velocity. But when the number of atoms in the 
radical exceeds twelve this influence disappears almost entirely. 
The velocity of migration then seems to depend only on the number 
of atoms, and decreases on the addition of new atoms more slowly, 
the more atoms there are already present. 

It appears to tend to a limiting value, which for very complex 
anions and kations seems to he 10 to 12 units, 

A constitutional influence is hardly recognisable in the organic 
isomeric anions, as they move with almost the same rapidity. But 
this influence is present in the isomeric kations of the substituted 
ammonium type (Bredig, 1892 ). The velocity of these isomeric 10ns 
is greater, the greater the number of 'hydrogen atoms which have 
been replaced ; thus secondary amines are faster than primary, and 
quaternary ammonium bases have the greatest velocity of all, In 
general the velocity is greater, the more “ symmetrioal ” the constitu- 
tion of the ion. 

The bivalent and multivalent radicals have been but little 
investigated Selonate ion and sulphate 1011 liavc very nearly the 
same velocity, and so have phosphate ion and arsenate ion 

The influence of temperature does not vary much. It is mostly 
2 per cent per degree ; being somewhat larger with small velocities 
of migration, and conversely. 

Isomeric Ions. — Isomerism, the difi'erence of properties along 
with identical composition, is also found in ions. Here there are 
two essentially different kinds of isomerism. The one is the same 
isomerism which occurs in neutral compounds, since isomeric acids 
or bases form isomeric 10ns. In this sense, the ione of butyrates and 
of isobutyrates, and of trimethylammonium and propylammonium, 
are isomeric. ’ 

There is, in addition, a specific ionic isomerism, which has its 
origin in the different number'of' electric charges' on the ion. In 
the first place, we have the elements and compounds which exist 
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both in the neutral and in the ionic condition; and, further, there 
are the ions with the same composition and different amounts of 
electricity, and, therefore, with different properties. The latter case 
IS considered first, as it is more -in accord with older views. 

Ionic isomerism due to differences of electric charge occurs 
more frequently with kations than with anions. Instances are those 
metals such as iron, chromium, tin, copper, thallium, and mercury, 
which form more than one series of salts. The mere fact that the 
analytical tests for the different scries of salts are quite different 
shows that there are differences of ionic properties ; indeed, the differ- 
ences between ferrous and ferric salts, i.e. between Fe‘ ‘ and Fe‘ ‘ , 
are greater than the differences between Fe’ ' and MiV ', or Fe' ’ ‘ 
and Cr‘ ' ' . The really close relation between them is that each of 
them can be converted into the other. To effect this, addition or 
subtraction of an electric charge is necessary; but since quantities 
of electricity can neither appear nor disappear without the simul- 
taneous appearance or disappearance of an equal quantity of the 
oiiposite kind of electricity, this transition is necessarily accompanied 
by some other change. For instance, ferrous ion can be converted into 
ferric ion by leading chlorine into a solution of ferrous salt. Fe' ' 
becomes Fe' " , and at the same time 01 becomes 01' ; the neutral 
chlorine passes into the negative ion, if the positive bivalent ion 
IS to become trivalent 

Accordingly, the process of oxidation in the wider sense (chem- 
istry has long since extended the term oxidation beyond the taking 
up of oxygen) is, so far as ions and their derivatives are concerned, 
itha.g aun of positive charges by the substance to be oxidised, or the 
-equivalent loss of negative charges. Reduction me'sinS' loSs of 
pp^itive charges or, gain of negatiye charges. Those ideas will he 
applied later m the theory of the processes of the voltaic cell. 

Elementar y, anions o f different valency are not known. Among 
compound anions a particularly good example is that of manganate ion 
and permanganate ion. Both,, have, tbo .composition but th§, 

iatroeris,l3iya),ent, thpjfttipi,’; quiyAlepf. Along wit'h'this difference 
of charge there is the great difference in colour and other properties ; 
the former is stable only in alkaline solution, the latter to a consider- 
able extent in acid solution, the salts of the one are isomorphous with 
the sulphates, the salts of the latter are isomorjihous with the 
perchlorates; permanganate ion is rightly considered an oxidation 
product of manganate ion, which has one negative charge more. 
A similar relation holds between the anions, Fe(CN)Q, of .ihg jerro- 
cyanjdes and ferricyanides ; they haV6''the same composition, hut 
different properties, because the former is quadrivalent, the latter 
trivalent. Here, again, the trivalent ferricyanido ion is an oxida- 
tion product of liho quadrivalent ferrocyanidje ion, for it has one 
negative charge less 

2 D 
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If electrically isomeric ions differ so much because of the different 
number of charges, it is not surprising that still greater differences 
exist where the one form has electric charges, and the other has 
none This is what holds with neutral substances and ions with 
the same composition. This isomerism oi^ allotropism occurs both 
with elements and with compounds. The metals and halogens are 
examples of the one, hydrogen peroxide and cyanogen of the other 
It IS true that in the two last and the halogens there is also poly- 
morphism, since the neutral substances have double the molar weight 
of the ions. But this is not so with the metals in which the molar 
weight is the same as the combining weight, and not a multiple of it 

The properties of the ions are widely different from those of the 
isomeric neutral substances. All one has to do is to bring to mind 
a solution of potassium iodide and the elements potassium and lodme, 
in order to realise how great the difference is. There is, however, 
a correspondingly great difference m the energy of the two states 
(p, 277). All the energy set free in the formation of a solution of 
potassium iodide in water fi-oiii iodine, potassium, and water represents 
the loss of energy which tho elements suffer on changing into the 
ionic state. For in a sufficiently dilute solution of potassium iodide 
there are present only iodine and potassium, both in the state of 
ions. 

If this is kept in view, there should be no difficulty in realising ' 
that there is no equality between elements in the ordinary condition ' 
and as ions, and that none is to be expected Negleot of this 1 
isomeric relationship has been the cause of most of the difficulty 
experienced by many people in dealing with these new views. 

One important property of all ions remains to be mentioned. 
The existence of ions is bound up with the solutions, since 
they are first formed from the solid salt during the act of solution ; 
if a substance leaves the solution, it loses at the same time the ionic 
condition. Thus, no ion can be volatile to a recognisable extent ; 
this property belongs to neutral substances alone Nor can an ion ' 
pass over to a solvent in which the formation of ions is zero. Those 
properties, which are inherent in the ionic state, and are therefore 
common to all ions, condition many chemical peculiarities of ions. 
Occasion will be taken later to refer to some of them. 
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Eelation to the Phase Eule. — Electrolytic or ionic equilibrium 
differs from ordinary equilibria in the circumstance that an any 
phase the total equivalent concentrations of kations and 
anions must be the same. This is a necessary consequence of 
Faraday’s law that equal quantities of electricity are united with 
chemical equivalents of different ions, in conjunction with the other 
laws that free electricity cannot exist in the interior of a conductor, 
and that the sum of all the positive and negative ionic charges must 
be zero 

In all eases of ionic equilibrium there is thus an additional equation, 
which reduces the degrees of freedom by one In applying the phase 
rule, each kind of ion is to be treated as an independent com- 
ponent: notwithstanding this, the total number and also the degrees 
of freedom are diminished by one on account of the electrical condi- 
tion. Complicated cases of ionic equilibrium can be conveniently 
treated, if due regard is paid to this rule 

If only one electrolyte is present, the phase rule is not altered. 
The two ions are to be counted as two components; but one is to 
be subtracted, so that the electrolyte may be treated as any other 
component But it is different with two electrolytes. These 
may have one common ion, in which case three components are 
present, which are to be reduced to two. Or the four ions are all 
different, when the four components are to be treated as three. 
Other cases are treated in a similar manner. 

An electrolyte which by itself dissociates into ions is an example 
of ionic equilibrium of the first order. This happens with fused 
salts : at ordinary temperature no moderately dissociated electrolyte 
IS known. Denoting a kation by K , an anion by A', the reaction 
equation for a simple binary electrolyte is K‘ -(• A' = KA, and the 
equilibrium equation = Since the kations and anions must 
be of equal concentration, = if the concentration of the ions be 
denoted by a, th^n a^ = kb, in which k is a function of the temperature 
and pressure, since one phase leaves’ two degrees of freedom. 

In other words, every substance which dissociates into ions 
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assumes, at any given temj^erature and pressure, an equilibrium 
state •whicli depends only on the nature of the substance. The 
influence of pressure is small, since ionisation is accompanied by very 
small change of volume. The influence of temperatm'e is defined by 
the rule that with rising temperature that reaction occm-s which 
takes place with absorption of heat. Since, so far as is known, all 
substances which form ions in the absence of a solvent dissociate 
more at higher teniperatm-es, the heat of formation of ions from 
them must be negative. Our knowledge in this matter is so limited 
that it is not possible to make any general statement. 

Electrolytic Dissociation of Water. — Our most accurate knowledge 
in this respect relates to water. As the velocity of its ions are known 
from measurements on acids (hydrion) and bases (hydroxidion), 
its degree of dissociation can be obtained by dividing its con- 
ductivity by the sum of the two velocities. 

In carrying this idea into effect, a difficulty is experienced in that 
the conductivity of even very carefully prepared water is due 
almost entirely to impurities, which have not been completely 
removed. With special precautions (vacuum distillation in a sealed- 
up glass vessel wdiich had been used to contain pure water for over 
ton years) water was obtained, the conductivity of which to within 
10 per cent was due to the water (Kohlrausch and Heydweiller, 
1894). Trom this the conductivity of pure water could be 
calculated. 

At 18° 0. the specific conductivity of pure water is 385 x 10"^®, 
i.e. a 1 cm. cube has this conductivity in reciprocal ohms The 
migration velocity of hydrion at this temperature is 313, that of 
hydroxidion 174, their sum, 487. Dividing the former number by 
this sum gives the concentration of the ions of ivator m mols per 
com. ; this multiplied by 1000 gives the concentration in mols per 
litre. This comes to *079 x 10"'’. Thus in 1 million litres of 
water at 18“ there are -079 g. of hydrion and 1 34 g hydroxidion. 

The concentration varies rapidly ivith temperature, since the 
heat of dissociation of ivater into its ions is very considerable, as 
calculated from the phenomena of neutralisation (p. 274). In the 
formula d Ig k/dT = L/ET-, L is = 67 -6 kj., R = 8 3 1 x 1 0 ^ and T = 2 9 1 . 
This gives for dT=l, dlgk=-082, or since dlgk = dk/k the 
dissociation of water increases about 8 per cent for 1° C. 

The following table gives the concentration of H’ or OH' m 
water in mols per million litres 

Toini,. 0“ 2° 10° 18° 26° 31"* 42° C0° 

Dias. -034 -038 055 079 106 -143 188 -242 

The dissociation of water has also been estimated in other 
difterent ways. 'These independent methods have Jnd to concordant 
results, and constitute a remarifeable confirmation of the theory of 
electrolytic dissociation 
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Dissociation of Salts. — While our knowledge of ionic equilibrium 
of the first order does not go much further, the second order has 
been very fully investigated. The measurement of electric con- 
ductivity is so convenient and accurate a means of determining ionic 
concentrations, and, therefore, degrees of dissociation, that it has been 
applied to many substances, and a large number of results have been 
accumulated. 

"^/VTien an electrolyte is dissolved in water (aqueous solutions 
alone will be considered at present), it partially dissociates, and 
equilibrium is established, represented by the chemical equation 
K -I- A' = KA, K' being the kation. A' the anion, and KA the 
undissociated salt. If a^ are the concentrations of the ions, and 
b that of the undecomposed part, a^ = a^ = a as before. But while in 
the equilibrium of the first order these concentrations depend only 
on the temperature and the pressure, there is here one degree of 
freedom more, and one of the concentrations remains at disposal. 
For the experimental reason that the ions cannot be separately 
handled, the total concentration of the electrolyte, a -i- b, is the one 
which can be varied at will. The equation is aYb = k, and is in 
frequent use. 

The concentration of the ions, a, is estimated in the same way 
as for water ; the molar conductivity is compared with the limiting 
value for infinite dilution. If /ty la the conductivity at the dilution 
V (1 mol in v litres), and the limit for infinite dilution, (tiy = a 
(p. 392) the ionised fraction, and a/v is the concentration of the ions, 
while (1 - a)/v = b, the concentration of the undissociated part. 
Putting these values in the equation we get 

for the effect of dilution on the molar conductivity (Ostwald, 1888). 

From this equation the following conclusions can be drawn. If 
a IS very small, then 1 - a differs but little from unity, and the 
equation becomes = vk, the degree of dissociation and the molar 
conductivity are proportional to the square root of the dilution. This 
law was empirically deduced for weak electrolytes long before the 
theory of dissociation was established (Kohlrausch, 1878). 

Then again, a increases with v, but not to an unlimited extent. 
The expression s^jil - a) becomes very great for very great values of 
V, since k is a constant. This is the case, for a approaches unity 
The molar conductivity of all electrolytes increases with increasing 
dilution, approaching a maximum value which cannot be exceeded, 
as it is the value for the completely ionised electrolyte. This also 
was known before the theory was established (p. 388). 

From the form of the equatioil the following conclusion can be 
drawn. The constant k is dependent on the nature of the substance, 
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but we can always choose states of dilution Vj and Vg for two 
different substances so that the product Vihi and Vgkg shall be equal. 

In that case mrI consequently a, must bo the same for both, 

i.e. the conductivity with reference to the limiting value, or, what is 
the same thing, the proportion of dissociated molecules is the same 
for both substances. If we alter both dilutions in the same ratio, 
double them for example, the product v^kj and Vgkg are still equal, 
and so also must be the values of a. From this it follows that the 
dilutions at which two substances are dissociated to the 
same extent are always proportional, independent of the 
absolute values of the dilution. This law was empirically discovered 
(Ostwald, 1886) before the theory of dissociation had been applied 
to olootrolytes. 

Finally the expression — — should be constant for any 

one electrolyte at all dilutions. This conclusion has been verified in 
the case of a very large number of electrolytes, both acids and bases. 
The following table for acetic acid at *25° will serve as an illustration 


a 4-34 

16 6 HO 

32 8-06 

04 12.09 

128 10 90 

256 23 82 

512 32-20 

1024 46-00 

« 364 


11 k 

01198 -0000180 

-01673 179 

-02380 182 

■0333 , 179 

•0468 179 

-0056 180 

0914 180 

-1206 178 


The dissociation or equilibrium constant k has been determined 
for a large number of substances, and is closely related to their 
composition and constitution. These relationships will be reviewed 
further on. 

Knowing the constant k, we can calculate the conductivity of an 
acid for any dilution We have only for this purpose to solve the 
equation for a, when we obtain 

/i, - vk + n/v-Ic" -t- 4vk 

2 

Temperature Effect. — The constant k varies with the temperature 
in accordance with the familiar formula d Ig k/dT = L/ET". I^Tiether 
k increases or decreases with increase of temperature depends on the 
sign of the heat of dissociation L. If L is positive, i.e. heat is 
absorbed during dissociation, k increases with rise of temperature, if 
L is negative k will decrease. Now the sign and vanfe of L can be 
determined for acids and bases, the method consists in measuring 
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the heat of neutralisation of the substance with a strong base or 
acid. The difference between the observed value and the heat of 
formation of water from its ions, 67 kj., is L(1 - a), the product of 
the undisBOciated fraction of the substance and the heat of dissociation. 
If, then, the heat of neutralisation is less than 67 kj., the heat of 
ionisation is positive, and the dissociation increases with rise of 
temperature ; if it is greater, the dissociation takes place with evolu- 
tion of heat, and the dissociation decreases with rise of temperature 

When the heats of neutralisation of acids are looked at from this 
point of view, it is found that both cases exist ; the heat of ionisation 
may be positive or negative. At first it seemed mcredible that the 
decomposition of an acid into its ions should be accompanied by 
evolution of heat, for it was held impossible from a molecular 
standpoint that the separation of a molecule into its components 
should develop heat. But the decompositions of acetylene and of 
cyanogen into their components give out heat, and the apparent 
contradiction to the molecular hypothesis is a difficulty for that 
hypothesis, but not for the theory of ionisation 

These conclusions have been confirmed by measurement of the 
electric conductivity at various temperatures, from which a was 
directly calculated. It was shown that acids whose heats of 
neutralisation were too great were less dissociated at high tempera- 
tures. This effect is so great in the case of phosphoric acid and 
dichloracetic acid that, under certain circumstances, it exceeds the 
increase which the conductivity of all electrolytes experience owing 
to the greater velocity of migration of their ions at higher tempera- 
tures. These electrolytes show a temperature maximum of molar 
conductivity, i.e. with rise of temperature it first increases, as usual, 
and then decreases’- (Arrhenius, 1888). 

Abnormal Substances. — The equations and relations given above 
have been proved chiefly for monobasic organic acids, and have been 
fully established. Numerous bases, too, of the ammonia type 
afford complete agreement between theory and experiment. These 
electrolytes are as a rule not much dissociated, although agreement 
has been found in some cases in which the dissociation exceeded 
70 per cent. 

The behaviour of these electrolytes, all of which are characterised 
by moderate degree of dissociation, is governed by the law of mass- 
action, and forms a good illustration and confirmation of the law. 
But there is a large and important class of electrolytes which do 
not obey the law. of mass-action. These are all largely dissociated 
in relatively concentrated solution, and on dilution their conductivity 
1 It 13 often stated in text-books that eleotrolytes differ fiom oondnotors of the 
first class m this respect, that their condnotivity increases -with rise of temperature, 
■whereas it deoreas-w^or the first class. From ivhat is stated above, it is seen that 
no such rule is generally true for electrolytes. Nor does it hold for conductors' of 
the first class. 
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increa&os more slowly than accords with the law of mass-action. If 
k is calculated in the usual manner it is not constant, but increases 
with increasing concentration. In this group we find almost all the 
neutral salts, the strongly ionised simple acids, such as the halogen 
acids, and also the strongly ionised bases, ''such as the hydroxides 
of the alkalies and alkaline earths. 

The deviations in the conductivity of these substances from the 
dilution law are not largo (several per cent if the observed and 
calculated values are compared), but they are too constant to bo 
ascribed to accident. The cause has not been ascertained. 

' The deviations are so regular that several empirical formulae 
have been proposed, which permit of the calculation of other values 
from any given conductmty at dilutions greater than 5 litres. In 
place of the theoretical formula aY(l-a)v = k, the formulse 
a-/{l - a) Vv = k (Rudolphi, 1895) or a7(l -a)V = k (van’t Hoff, 
1896) express the behaviour of strong electrolytes with good 
approximation. A formal basis has been found for the second of 
these formulce. The question whether the deviation is due to the 
conductivity nob being a correct measure of the dissociation in this 
case must, it seems, be answered in the negative ; the cause of the 
deviations may bo found in some hitherto unnoticed energy participat- 
ing in the equilibrium 

The Valency Rule. — On the other hand, certain empirical 
relations have been made out, which are of practical use in chemistry, 
Oomparison of the effect of dilution on the equivalent (not molar) 
conductivity of salts, whose ions have different valency, shows 
that for the same dilution the change increases with the valency, and 
in normal oases proportionally to the product of the valencies 
of the two ions. As usually performed, the experiment consists in 
measuring the equivalent conductivity at 25“ for the dilutions 32 
and 1024 : litres, the difference for a salt with two univalent ions 
is about 10 units, for a salt whose ions have the valency and no 
the difference is npig x 10 units. 

This rule is not general, for salts of polybasic acids with 
polyacid bases do not obey it, if these acids and bases are weak 
electrolytes. Salts of weak acids or weak bases do follow the 
rule if the other component is univalent and a strong electrolyte. 
The principal use made of this relation «is to determine the basicity 
of an unknown acid or the " acidity ” of an unknown base ; it is easy 
in these cases to fulfil the necessary conditions. 

In practice the pure acid is dissolved in 1/32 normal sodium 
hydroxide (or the base in 1/32 normal hydrochloric acid), and the 
conductivity measured of that solution, and of a solution thirty-two 
times more dilute. The difference of the two^ equivalent con- 
ductivities, divided by 10, gives the valency of tlie acid or base 
(Ostwald, 1887). 
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Analytical Application of Conductivity. — In conclusion, the 
measurement of electric conductivity is one of the most convenient 
and delicate aids to ascertaining the presence of a salt in solution, and 
determining the amount present if the nature of the salt is known. 
Since water can with cafe be prepared in the laboratory with a 
specific conductivity of 10 solutions of about the same con- 
ductivity can be investigated with, certainty At such dilution the 
conductivities of neutral salts are additive;^ the conductivity of 
the salt can therefore be ascertained by subtracting the conductivity 
of the water. The specific conductivity mentioned above corresponds 
to a neutral salt in 10"'“ normal solution; concentrations down to 
this amount can be easily determined (Kohlrausch and Rose, 1893 ; 
W. Bottger, 1903 ; Kohlrausch, 1908). ' > 

In this manner the solubilities of the following “ insoluble ” salts | 
have been determined; the numbers signify mols in one million ' 


litres. The figures 

given were 

found by W. Bottger for 20° 

correction was made for the degree of dissociation. 



Sllve. 

ThullouB. 

Lead. 

Chloride 

10 6 

13,600 

34,000 

Biomide 

•46 

1,640 

22,700 

‘ Iodide 


192 

1,806 

Thiooyanate 

•83 

12,000 

13,900 

Cyanide 

1 60 



Bromate 

6700 

9,950 

28,900 

lodate 

164 

1,520 

32'8 

. O.'cide 

180-216 


68-92 

0.xalat6 

120 

31,800 

6-1 

Phosphate 

Sulphide 

16 

430 

•13 

Carbonate 



4'6-6-6 

Sulpliale 



140 


Calolum Suliihate 15,000 



The calculation depends on a knowledge of the migration 
velocities of the ions of these salts. The observed specific con- 
ductivity multiplied by 1000, and divided by the sum of the 
conductivities of the ions, gives the concentration in mols per litre. 

Salts of Multivalent Ions. — The decomposition of a multivalent 
electrolyte into ions is more complicated than those already discussed. 
If, for example, a bivalent anion A" is combined with two univalent 
kations K', the process might be supposed to take place according 
to the equation AlCg = A" + 2K '. This is not the case ; there are 
two processes, represented by the equations: AKg^AK'-t-K' and 

1 Aovls and bases show great irregularities, whicli are due to neutralisation by tbe 
impurities ; tlie H' OH', which are the mijat rapid, disappear, ivlth a eorrospoudiug 
large decrease of coudnotlvity The true conductivity caunot be obtained by sub- 
tracting the conductivity of the water. 
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AK' = A" + K. '. The equilibrium equation is not a^/(l - a)v^ = k %s 
it would be on the first assumption ; there are two equations. 
Denoting the ion K ' by a, AK' by b, A" by c, and the undissooiated 
part by o, wo have a = b + 2c, and e = 1 - b - c, from the reaction 
equations. The equilibrium equations ai% (1) ab = kidv and (2) 
ac = kjbv. Two of the values a, b, c, e can be eliminated, so that 
the final equilibrium equation contains two variables and the two 
constants kj and kg. Dor a given value of one fraction, quite 
different values are obtained for the other fractions, according to the 
values for the two constants, which differ with the nature of the 
substance. 

For the sake of clearness, let K‘ be hydrion ; the substance there- 
fore is a dibasic acid We will first consider the limiting case : kg 
very small compared with k^. Then from equation (2) c is very 
small compared with b, and a = b, e = 1 - a. Introducing this in 
equation (1), we obtain 

- a) = kv, 

the usual dissociation equation for binary electrolytes. Dibasic acids 
of this type behave like monobasic acids. Only when v becomes 
very great does c in equation (2) attain to values which are too great 
to be neglected This conclusion is in accord with experiment. The 
molar (two equivalents) conductivity of the weaker dibasic acids 
changes with dilution in precisely the same manner as monobasic acids 
do. We may take succinic acid as an example The significa- 
tion of the letters is as on p. 406. The value 356 has been taken 

II n. It 

11 10 0320 -0000662 

16-03 -0460 602 

22-47 -0632 667 

31-28 0880 664 

43-60 -12-24 668 

59 61 -1676 659 

81-64 2296 668 

109 6 -3082 671 

for The constant k proves to be the same for all the dilutions, 

although the final dilutions are very considerable. 

With the stronger dibasic acids the dissociation of the univalent 
anion into hydrion and the bivalent anion begins much sooner The 
value of k, calculated as usual, begins to increase when the second 
dissociation becomes noticeable. The following 'measurements on 
fumaric acid will make this clear: 

32 56-4 » 0-158 -000^' 

64 77-4 -217 94 
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104-5 -290 00095 
139 0 890 97 
179-6 603 99 
23^!-0 639 00110 
280 2 786 140 
367 0 
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The values of k are accurate to about 2 per cent; the increase 
is recognisable at v= 266 litres, and is considerable at the remaining 
dilutions. 

There is no necessary relation between k^ and except that 
the latter must be the smaller. The values vary very much, de- 
pending upon constitutive properties of the acids which cannot be 
entered into here. 

The same reasoning applies to the diacid bases, and has received 
experimental verification. Salts which give one bivalent and two 
univalent ions come into the same category, but as the simplest salts 
do not follow the law of mass-action, these can hardly be expected 
to do so ; numerical adaptation of the formula is very complicated. 
The important point is that such salts undergo dissociation by stages, 
in consequence of which no direct conclusion can be drawn as to the 
degree of dissociation or the concentration of individual ions. 

Still more complicated are the relations of salts both of whose 
ions are multivalent. It might be expected that if two ions of 
equal valency were present (as e.g two bivalent ions in magnesium 
sulphate), the simple equation would be again applicable. There 
is the possibility to be considered of the occurrence of bivalent 
kations of the composition AKa 'j anions of the type KA^" Aj". 
For magnesium sulphate these ions would be (SO^) Mg^" and 
Mg (SO^)/. Observations on the connexion between conductivity 
and freezing-point depression indicate the existence of such ions in 
measurable quantity. 

The weak tribasic and polybasic acids follow the simple law for 
binary electrolytes except that the irregularities begin to appear at 
smaller dilutions than is the case with dibasic acids. 

Solid Phases — We ha-ye now finished with the more important 
.subject relating to a system of two ions The answer to the question 
what effect the introduction of a solid phase has upon the equi- 
librium IS that a solid substance, which in solution is ionised, goes into 
solution in precisely the same manner as unionised substances do. 
The solid is in equilibrium with the unionised part only, and this has 
the effect of making the apparent solubility of an electrolyte 
appear higher than the true solubility, by the latter is understood 
the concentration of the substance in solution which is in equilibrium 
with the solid ph<I^. Any alteration in the equilibrium between the 
ions and the unionised part in the solution must find expression in 
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a change of Bolubility. This is the explanation of the remarkable 
fact that most sulphates of the magnesium sulphate type are almost 
quite insoluble in water at 200'' to 300“, while, as a rule, solubility 
is greatly iiieroased at such high temperatures. The heat of dissocia- 
tion of those salts is positive; the degi’fee of ionisation diminishes 
with rise of temperature, and the apparent solubility does the same. 

Three Ions. — Wo must now take up solutions with three ions. 
Since the sum of katioiis and anions must bo equal, this case arises 
when a solution contains two salts with one ion in common, e.g 
two acids or two nitrates. The question becomes that of the mutual 
influence of each on the equilibrium between them. We can at once 
dispose of one case, that, namely, of all the electrolytes in the 
solution being fully dissociated or nearly so. They can then no 
longer influence each other, and the laws obtaining for the separate 
solutions may be applied to the mixture. 

But if a highly dissociated aud a weakly dissociated substance be 
simultaneously present in the solution, there will be mutual influence, 
if both contain one common ion. The formuloe of chemical equilibrium 
for quantities not equivalent then apply, and the state of equilibrium 
is dift’erent. 

If we ask how two solutions must be constituted in order that 
the dissolved and partially dissociated substances may not influence 
each other, wo must first of all demand that the active mass of the 
components shall not alter on mixing. Two solutions of the 
same substance will therefore not influence each other when their 
concentrations are equal, as indeed is A p/ loi i perfectly clear. The 
question is somewhat more complicated for two different substances 
containing a common ion, e.g. two acids. We shall consider for 
the sake of simplicity two monobasic acids HAj and HAj. According 
to the general formulai for chemical equilibrium these two equations 
will hold good — 



where a is the dissociated portion aiid v the volume containing one' 
mol. 

If wa mix the two solutions, the volume becomes Vj + v,. The 
concentrations of the undecomposed portions fall to ^ and 

I —■") those of the acid ions fall to — --f-- and , and 
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the two acids are thus 



If we divide each of these into the corresponding equation of the 
upper pair we obtain, after a little easy simplification, 



Thus, in order that the states of dissociation of two acids 
be not altered on mixing, the concentration of hydrion 
must be the same in both solutions. 

Thus, if we have acetic acid, for example, which is only slightly 
dissociated, and hydrochloric acid, which is highly dissociated, we 
must take very dilute solutions of the latter and moderately strong 
solutions of the former to get the same concentration of hydrion. 
From the table on p. 406 we see that acetic acid contains in 
round numbers ’012 mol of hydrion for a dilution of 8 1. , the 

concentration with respect to this ion is therefore -^^=‘0016 
Hydrochloric acid will be without influence on this solution when the 
concentration of its hydrion corresponds to the equation - = ‘0015. 

Since it may be considered completely dissociated at the requisite 
great dilutions, we have a=l and consequently v= 667. The 
hydrochloric acid must therefore be of the concentration of one 
mol in 667 litres. 

Isohydric Solutions. — Arrhen lus, to whom the foregoing consider- 
ations are due (1888), terms such solutions as do not mutually alter 
their state of dissociation isohydric Since, according to the formula 
]ust developed, it is only necessary for this that the concentrations 
of the same ion be equal, the absolute quantities of the solutions 
or their ratio playing no part, it follows that isohydric solutions leave 
each other undisturbed no matter in what proportions they may be. 

Hence we conclude what will happen when two solutions not 
isohydric are mixed : they will so act on each other that they become 
isohydric. If we imagine the two solutions to be placed first in layers 
one above the other, we can remove water from the solution m which 
the concentration of the common ion is the smaller, and give it to the 
other solution, and go on doing so until the concentration in the two 
solutions has become the same. They are then isohydric, and can be 
mixed without any change in either taking place. 
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Two solutions isohydric with a thud are isohydrio 
with each other. For if two solutions are isohydric with a third, 
they each contain one ion at the same concentration as in the third, 
and thus have the same concentration themselves and are isohydric. 
This theorem was discovered expeiiraen tally before the theory showed 
it to be necessaiy. 

Mutual Influence on the State of Eq,uilihrium. — These relations 
afford an explanation of certain phenomena which have been 
made use of long before the reason had been ascertained. Thus the 
acid action of a weak acid is diminished to an extraoi dinary extent 
by the addition of its neutral salts. This could not be anticipated 
from the older theories, but is a necessary consequence from the 
ionisation point of view. 

If a is the concentration of kation and anion in a solution of a 
weak acid, and c the unionised part, the equilibrium equation isj 
a" = kc. If now a known quantity of a noutral salt of the same acid, 
is added, the concentration of ion being b, the equilibrium is dis-j 
placed, the concentration of the hydrioii diminishing on account] 
of the largo increase in concentration of the anion. If a' be the i 
concentration of hydrion in the new equilibrium, that of the anion] 
a' + h, and the unionised part has increased to c + a - a'. The | 
equation becomes a'(a' + b) = k(c + a - a') | 

We have assumed that the acid is not largely dissociated , a and 
a' are therefore small compared with c, and unless the addition of 
neutral salt is very small, which is excluded, a' is also small in 
comparison with b. Neglecting the small quantities, we get 
a'b = kc, 

from which it follows that the concentration of hydrion is 
inversely proportional to the concentration of the added 
neutral salt. If we add an equivalent of sodium acetate (which we 
will assume to be completely ionised) to acetic acid of 8 litres 
dilution, where the degree of ionisation is '012, with a concentration 
of hydrion -0015, wo have b=l/8, c=l/8; k is •000018 (p. 406), 
from which a' = kc/b = ‘000018, which is about 1/83 of the con- 
centration when no salt is added ^ 

On dilution of the solution, b the concentration of the salt, and 
c, the concentration of the unionised part of the acid, which is not 
very different from the total concentration of the acid, change in 
the same ratio, so that a', the concentration of hydrion, remains 
constant. While the concentration of hydrion in strong acids is 
inversely proportional to the volume, and in weak acids inversely 
proportional to the square root of the volume, we have here the 
limit, the concentration is practically independent of the 
' It IS iilain from tUe ciilciiliitioii tlmt when an equivalent fJSr.utity of a iieutial salt 
of the aeui le lulJeil to a solution of a weak acid, the eonceiitrnuoii of hydrion ts equal 
to the dissociation constant, whatever the total coucentiatioii may be. 
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volume. This rule has a certain use, when it may be desirable to 
simplify the conditions in chemical reactions in Avlueh hydrion is 
concerned. 

The use of sodium acetate in analytical work is based upon this 
equilibrium. This reagent is employed when it is desired to keep a 
liquid acid but at the same time to reduce the specific action of the 
acid. The precipitation of zinc sulphide, for example, is prevented 
by a very moderate concentration of hydrion; if sodium acetate is 
added, the concentration of hydrion is so strongly depressed that the 
precipitation is sufficiently complete to be used as a quantitative 
method. The precipitation of hot ferric eolutions by addition of 
sodium acetate depends on the same principle. These phenomena 
cannot be taken up at present as they demand a knowledge of 
heterogeneous equilibrium. 

This method is often employed in chemical kinetics, if it is 
desired to suspend the action of hydrion at a given moment, and 
yet not to make the liquid alkaline 

The same considerations apply to a weak, i.e. slightly ionised, 
base and its neutral salts. Further, a strong acid diminishes the 
ionisation of a weak acid, so that the anion of the latter almost dis- 
appears from the solution. The same holds for bases. This is 
occasionally made use of. 

One Solid Phase. — If one solid phase makes its appearance in the 
equilibrium system comprising three ions, phenomena are observed 
which first received an explanation and numerical treatment after 
the establishment of the theory of ionisation (van’t Hoff, Nernst). 
Consider the equation ab = kc for the simplest case of binary dis- 
sociation, where a and b are the concentrations of the two ions, and 
c of the unionised part, there being, further, equilibrium between 
the latter and the solid phase. Thus c is a function of temperature 
only, and is constant for any given temperature. Accordingly ah is 
also constant, or a function of the temperature only. 

In the solution of one electrolyte a = b. Addition of another 
electrolyte with a common ion increases a or b ; the other must 
become smaller if equilibrium is to be retained. But this can happen 
only if some of the electrolyte separates as solid. The solution 
becomes supersaturated with respect to the solid. 

This holds for either of the ions ; the solubility of an electrolyte 
is greatest in pure water, and addition of another electrolyte with a 
common ion causes only a diminution of solubility. 

This is well illustrated by the solubility of silver acetate. A 
saturated solution of' this salt deposits crystals on addition of a 
concentrated solution of sodium acetate or of silver nitrate No 
precipitation follows the addition of acetic acid, because it is only 
feebly ionised, a’lS increases the concentration of acetate ion to a 
negligible extent. 
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This principle is of very great importance in analytical 
chemistry, for it provides a perfectly general method of diminishing;^ 
the solubility of au “insoluble,” f.b. sparingly soluble salt, to almost any 
extent, by keeping it in contact with a considerable concentration of 
one of its ions. The precipitating reagent of these sparingly soluble 
precipitated salts always contains one of the ions, hence the rule 
that more of the reagent is to be added than is necessary for the 
double decomposition. If barium sulphate has been precipitated 
^ from a sulphate solution by means of barium chloride, iu order to 
estimate the amount of sulphate, an excess of barium chloride is 
added to ensure that barium ion is present in the soluljon, and that 
the sulphate ion has been brought to a minimum. 

Washing the precipitate gradually replaces the solution with J 
pure water, jind the solubility of the precipitate increases. If it is : 
small, the loss may be neglected ; but if not, the washing must be j 
continued with a solution containing the second ion. Obviously | 
this must be a volatile substance, otherwise it cannot be removed 
from the precipitate by drying or heating. Ammonium magnesium 
phosphate, for instance, is washed with dilute ammonia, instead of 
with pure water. From the explanations made above, an easily 
volatile ammonium salt would be more efficient for this purpose, on 
account of its much greater degree of ionisation.^ 

In some instances there results an increase of solubility instead 
of the expected decrease, but in these cases it has been shown that 
other reactions have occurred between the ions, which have led 
to the formation of now substances (complex salts). Since each new 
substance is formed at the expense of those already present, the 
concentration of the latter must be diminished, and to restore the 
equilibrium more must dissolve to take its place 

Two Solid Phases. — The equilibrium of three ions in solution is 
absolutely fixed when twosolidpliases areiiresent, i.e. two salts with 
one common ion {e.g. sodium chloride and ammonium chloride) j such 
a system is in a definite state of saturation with respect to both 
solids. In other words, the same solution is obtained whatever the 
relative amounts of the two components provided they are both present 
as solid phases. The explanation is as folloivs. If both salts are in 
saturated solution, the equilibrium for the one is given by ab = K, 
where K = kc. For the second salt, with a common kation we will 
suppose, the equation is ab' = K'. Further, the sum of the concen- 
trations of the two anions must be equal to that of the kation, or 
a = b + b'. There are thus three equations for three variables a, b 
and b', and all three are absolutely defined 

' Mou! information on tlie .aiiplications of ctonncal oqnilibiiuin In analytical 
clieuiistry will Im loniid in the author’s WisaeimcluiftUolutn Oi uy^agea dei anahjtischen 
Ohmine, 4. Anfl , Leipmg, 1901, oi in tiie English tianslntion, Siicniijic Foundations of 
Analytical Chemistry, translated hy G. M’Gowau, London 
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Since the constants K and K' are functions of the temperature 
(and to a very small degree of pressure too) such a system has a 
solubility curve like that of a single substance, only here the 
composition of the solution is not known, unless two independent 
analytical data are known (any two of a, b, b'). 

These results are amply verified by experiments, the results of 
which show that the total solubility of salts “which cannot interact,” 
i.e. have a common ion, is independent of the relative amounts of the 
two salts in the solid state. In particular, there is no “displacement”; 
for instance, a large quantity of either of the salts may be dissolved 
in the common saturated solution by raising the temperature, but 
on cooling the solution to the original temperature, it all separates 
out again, and the composition of the solution is exactly the same as 
before 

Double Salts. — There are, however, certain pairs of salts in 
which “displacement” was formerly thought to occur. On more 
accurate investigation it was found that there are two different groups ; 
in the one double salts are formed, in the other isomorphous solid 
solutions. In the latter we have a solid phase of varying com- 
position ; as this was expressly excluded in the present discussion, 
this group falls out of consideration. 

The apparent “ displacement ” in the case of double salts was due 
to incomplete observation. If, for example, copper sulphate is added 
to a saturated solution of ammonium sulphate, and the solution 
allowed to crystallise, the-composition of tfie soliitiop will vary with 
Jihe amount added. In this case, a double salt'Tias'been formed lrom' 
the two components, and separates out as the only solid phase, unless 
so much copper sulphate has been added that it also appears as a 
solid phase. On the other hand, a saturated solution of copper ! 
sulphate will be changed in the same manner by addition of 
ammonium sulphate until solid ammonium sulphate appears along 
with the solid double salt. There are two saturated solutions j 
one in equilibrium with double salt and copper sulphate, the other 
with double salt and ammonium sulphate. 

There is still a third saturated solution to be considered ; that in 
which the double salt behaves as a single substance, where the com- 
position of the substance in solution is the same as the double salt. 
Whether this solution is stable or not depends on the solubilities 
of the three solids ; generally these are so changed by temperature 
that in certain regions (of temperature) the double salt exists in 
equilibrium with its saturated solution without decomposition into 
the single salts, while in the other regions the single salts are formed. 

The followingdiagrams make this clear.^ If for a given temperature 
the concentration of the one salt in the saturated solution is plotted 
on the abscissa, and the other on the ordinate (Fig. 60), A and B 
* Van’t Hoff, Sildnng und SpaUunfi von. Doj>^sal%m, Leipzig, 1897. 
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represent the saturated solutions of the single salts, and the two 
curves AF and BF the mixed solution in equilibrium with solid A 
and solid B respectively. At the intersection of the two curves, F, 
the solution is in equilibrium with both solid salts. 

If there is a double salt, its solubility^ will be affected if one of 
the single salts is present in the solution, and to a greater extent, 
the more single salt there is in solution, since the concentration of the 
other salt must be correspondingly smaller In the same diagram 
the solubility of the double salt in presence of excess of one com- 
ponent in the solution, is represented by the curve D. The point 
corresponding to saturation with respect to pure double salt is found 
by drawing through 0 a straight line at»46° to OB ; at the point at 
which this line meets the curve D, the two co-ordinates representing 
the two components have the same value.^ 

If the curve D is quite outside AFB, as in Fig. 60, the solubility 
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of the double salt is greater than that of either of the single salts, 
whether alone or in presence of the other salt in the solution, that 
is, the double salt solution is supersaturated with respect to the 
components. If nuclei are present, this solution will deposit one 
or other of the single salts, and will do so spontaneously when the 
motastable limit has been passed. At this temperature the double 
salt will decompose if brought into contact with water, the less 
soluble salt separating out. 

But if the curve D is situated as in Fig. 61, the solubility of the 
double salt between C and D is the smaller, and it is stable in 
contact with the solution. 

Change of temperature will change the relative positions of the 
two curves, and at some temperature the point F will be common to 
them both Then at F the double salt is in equilibrium with the 
solution and the two solid single salts, and we have a “condensed 
equilibrium,” as regards the solids or a transition point. 

' It IS assiuiied that the double salt eoutams an equal uumber of mols of the two 
components 
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If the double salt is brought into contact with water at this 
/ temperature, what is formed is not a simple saturated solution of the 
} double salt The composition of this would be given by pj (Fig. 62), 

! since the composition of the solution is the same as the double salt 
I only on the line OP. What does happen is that the double salt 
I undergoes partial decomposition, that component separating out 
' which is present in least quantity in the solution. Not until the 
' solution has in this way attained the 
composition represented by F, can the ^ \ ^ /P 

double salt remain unchanged in contact \ \ 

with the solution. \ \ y/ 

At the temperature at which the solu- / 

bility curve of the double salt passes 
through P 2 , the double salts can dissolve 
in water without one of the components / 

separating out in the solid state Between y' 

P 2 and the intersection of the double salt \/ \ 

curve and BF there is a region of double ^ ^ 

salt equilibrium. The two intersections 

represent two equilibria with two solid phases , double salt along 
with each of the single salts. Beyond them are solutions containing 
an excess of a single salt, which separates in the solid state, the 
double salt being decomposed. 

These considerations might be extended in various directions , 
as to these van’t Hoff’s book should be consulted 

Four Ions. — We will now proceed to the case of four different 
j 10 ns together m solution; and may state at once that all possible 
I combinations of them will form undissociated salts All the possible 
; salts will bo formed, but only to a small extent, the greater part of 
I the ions remaining as independent 10 ns Certainly there is no question 
) of the strong acids uniting with the strong bases to any considerable 
extent, as, without any experimental proof, used to be assumed. 

We have here two groups ; in the one, three ions of one kind and 
one ion of the other (as, for example, three different kations and one 
anion), or two kations and two anions. The first group can be 
treated in a way analogous to that of p. 414 seg ; no special interest 
attaches to it. The second group represents an old problem which 
has occupied general chemistry for hundreds of years; the decom- 
position of a salt by an acid, and the double decomposition 
between two salts. 

! Before proceeding to quantitative treatment, we shaH endeavour 
to give a general idea of the essentials of these phenomena, more 
especially as the point of view afforded by the theory of ionisation 
differs in many r^^pects from that of the earlier theories. 

As was formerly remarked, soluticfns of almost all salts are highly 
dissociated, as are also those of the strong mineral acids. If we mix a 
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dilute solution of hydrochloric acid, which contains the fioe ions H 
and Gl' almost exclusively, with a dilute solution of a salt, which wo ^ 
may denote generally by MA, M being the kation and A the anion, • 
then for equilibrium it is necessary that all positive and negative 
ions should be in dissociation-equilibrium willi respect to the possible 
compounds. Should the acid of the salt in the free state be like- 
wise highly dissociated, equilibrium between the hydrion of the 
hydrochloric acid and the anion A will be already approximately 
existent. If, however, the acid HA is only dissociated to a very 
slight extent, like acetic acid, the hydrion of the hydrochloric acid 
and the acid radical will act on each other so as to form undissociated 
molecules HA, until the remaining hydrochloric acid becomes 
isohydi'ic with the acid HA formed. The result is thus that a| 
certain quantity of the acid HA is formed at the expense | 
of the salt MA and the hydrochloric acid, the amount'; 
being greater the less the acid is dissociated, i.e. the 
weaker it is. 

This in the light of the theory of dissociation is the process | 
hitherto known as the displacement of a weak acid from its salt by * 
a stronger acid, and ascribed to a special chemical force of affinity ,1 
between the metal and the various acid radicals We see that the ' 
cause lies in the nature of the acid ; the metal of the salt plays but a i 
small part, for it only serves by its presence to keep the ion of the > 
acid in the dissociated state. Thus is explained the empirical law 
(Ostwald, 1878) that the ratio in which one acid is " displaced ” | 
from a salt by another does not depend on the nature of the basic i 
component. The active component, i.e. the one which undergoes ‘ 
change during the reaction, is not the strong acid but the weak 
one. Its tendency to go into the uudissociated state is the only 
cause of any reaction taking place. 

We may now represent another process in the same way — namely, 
the neutralisation of an acid by a base. If a salt is dissociated 
into its two ions, it appears at first sight incomprehensible why an 
acid and a base should act on each other in any way, since their 
two active components, the metal and the acid 1011 , do not enter 
into combination with each other at all. 

This is perfectly correct, however j salt-formation in aqueous 
solution is ill reality not a combination of these components of acid 
and base, but consists in the combination of the two other 
components, the hydrion of the acid with the hydroxidion 
of the base Water is an electrolyte of extraordinarily small dis- 
sociation. Consequently it is impossible for the lonS of water to 
exist uiioombined in the same liquid, and so, when they meet, they 
immediately unite to form water. The proces^s^ of neutralisa- 
tion in aqueous solution fs thus nothing but a formation 
of water (p. 274) 


I 
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The General Equilibrium Equation. — We must now fix quite 
generally the conditions for the establishment of chemical equilibrium 
between four ions, two anions Aj, Aj, and two Jrations By These 
conditions may be expressed in the following theorem • If isohydric 
solutions of A^B^, A;,^By A^B^, A^B^ be prepared (A^B^ being made 
isohydric with AjBg, this with A^Bo, and this again with AgBj), then 
when these are mixed in such volumes a, b, c, d that the equation 

ad = be 

holds good, the substances are and will remain in equilibrium 
(Arrhenius, 1890) 

If we denote the luidissociated quantities of the four substances 
by a, /3, y, S, and remember that the dissociated portions are pro- 
portional to the volumes (for according to hypothesis the solutions 
are isohydric), and can thus be denoted by ha, hb, he, hd, where h is 
a constant, then the equations for equilibrium will be as follows . 



or k^tt = h% kj/? = h^b, etc 

If we now imagine the four volumes a, b, c, d to 'be mixed, new 
conditions of equilibrium will appear, the equations assuming the 
following form . 

k _ h^(a-i-b)(a + c) 

^a + b-tc-i-d (a-ib-te + d)2* 


i6 _y (b + a)( b-td) ^ 
+ b -t c -t- d (a -t b -H c -I- d)® ’ 


For in the mixture the undissociated quantity of A^Bj is as before 
a, but it is now contained in the volume a -i- b -t c -t d. Of the dis- 
sociated portions Aj, and B^ the quantity a of A^ comes from the 
solution AjBj and the quantity b from the solution AjBj , of Bj we 
have a from A^Bj^ and c from the third solution A2Bj^ ; each quantity 
must again be divided by the total volume in order that the concen- 
tration may be obtained. The other equations follow in a similar 


On reduction they give 


^ _ h2(a2 H- ab H- ac -h be) _ ^ _ h^ (b^ -t ab -I bd -t ad) 

a-t-b-ic-i-d ’ a-t-b + cH-d ’ 


Now, in or'-to that the state of jlissociation of the four substances 
shall be unchanged it is necessary that the relations between a and a. 
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b and /3, etc., remain as in the original aolutions. From these and 
the above equations we obtain by division : 

a- + ab + ae + be , b^ + ab + lid + ad , 

a = ; -r— ; b = r , etc 

a + b + o + d a + bthc + d 

whence ad = bc, ad = bc, etc., 

i e. in order that the state of dissociation may remain unaltered the 
condition 

ad = bc 

must be fulfilled. 

But the volumes a, b, c, d, are proportional to the active or dis- 
sociated portions of the various electrolytes, a and d belonging to the 
substances A^Bj and AoBg, which by their mutual action give A^Bg and 
AjBj. The dissociated quantities are again proportional to the total 
quantities, pj, pj, q^, q^, each multiplied by the respective factor of 
dissociation, lUj, mg, lUg, m^. Consequently we get the following 
formula for equilibrium : 


This is not only a representation of Guldberg and "Waage’s law 
of mass-action (pp. 307 and 337), for which we put mgmj/mim2 = K, 
but it also contains the extension discovered by Ostwald (1875) 
that each of the coefficients falls into two factors, one of which 
depends only on the acid, and the other only on the base, or, more 
accurately, one only on the positive ion and the other only on the 
negative ion. 

The equation, however, goes beyond this empirical i elation. It 
show that the coefficients m^, mg, . . . which in the former equations 
were, as a first approximation, looked upon as constant, are in fact 
not so. The coefficients of dissociation depend not only on the nature 
of the substances themselves, but also on the presence of other sub- 
stances containing the same ion, and from this last circumstance are 
subject to considerable variation. In this w'C find the explanation 
of the various exceptions from the law of mass-action in the form 
containing the two coefficients as constants 

• The application of this formula to calculate the different 
equilibria betw'een four conjugate electrolytes cannot be detailed 
hero. It can be immediately shown that the dissociation of a weak 
acid in presence of a strongly dissociated electrolyte takes place as 
if the latter ivere the neutral salt of this acid ; lEs dissociation is 
thus inversely propoitional to the concentration of this foreign 
substance (p. 414) It can further be shown that in the “competi- 
tion of two acids for a base,” J.e. the equihbriiiHr. between two 
anions, hydrion and one other Ication, all in equivalent proportions, 
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the base is divided between the acids in the ratio of then- 
degree of ionisation at the given dilution. Or, if solutions 
are prepared, each of which contain one of the acids and its neutral 
salt m the given proportion, no reaction takes place on mixing 
them. 

These relations are interesting from the point of view of the 
older attempts to determine the relative “ strength ” of acids, and 
have been mentioned on that account , they cannot be more fully 
discussed here. 

Hydrolysis. — A very important case of equilibrium between 
four ions arises in solutions of simple salts if the ions of water 
participate to a measurable extent in the equilibrium. This can 
only happen if one at least of the ions of the salt forms with the 
hydrion or hydroxidion of the water a compound whose degree of 
dissociation is comparable with that of water (p. 404), t.e. when the 
salt is derived from a very weak acid or base. 

To gain an insight into the phenomena in question, we will j 
consider the sodium salt of a very weak acid, say, phenol. Phenol ion j 
forms with hydrion the very feebly ionised compound phenol ; an | 
appreciable quantity of this compound will be formed when, in the I 
form of a salt, a large number of these ions are brought into solution I 
This can only take place if an equivalent amount of hydroxidion i 
IS set free from the water, and, in consequence, the solution will 
contain a measurable amount of hydroxidion as well as of phenol. 
On account of the larter the solution smells of phenol (ions are not 
volatile, therefore have no odour, and the odour must come from 
free phenol), and owing to the hydroxidion it has an alkaline 
reaction. For the alkaline reaction, peculiar to solutions of bases, j 
is due to their common component, hydroxidion.^ 

It is thus seen that in the solution part of the phenol and the 
sodium hydroxide, from which sodium phenolate is formed, are not 
united but remain free. As they were in combination in the solid, 
they have been dissociated by the water into acid and base. 
This process is hydrolysis. 

The same process occurs with the compounds of strong acids and 
weak bases; the solution has an acid reaction, because a certain 
amount of hydroxidion has been used in forming undissociated base 
from the salt, and the equivalent amount of hydrion has been formed. 
Properties of the uncombined base will also be found in the solution, 
as is the case with aniline hydrochloride. 

If both components of the salt are weak electrolytes, the above 
considerations only apply in part, viz. that relating to the formation 
of the unionised compound from the ions of the salt and of water. 
Both ions are used up in this case, so that the liquid is neither acid 
nor alkaline in-lSaction. This, of aourse, is only strictly accurate if 
1 The theory of indicators la dealt with below. 
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the t-wo substances have the same dissociation constant ; if they have 
not, the one -with the larger constant determines the reaction of the 
solution towards indicators. 

The calculations are as follow’s; — ^Let the concentrations be 
anion = a, hydrion = h, lcation = b, hydroaidion - y, unionised acid 
= S, unionised base = B ; the equations are ; ah = kjS, by = k2B, 
by = K. The first equation gives the relation between the anion and 
hydrion of the acid, kj being the dissociation constant of the acid. 
The second is the corresponding equation for the base. The third 
represents the equilibrium between hydrion and hydroxidion and 
water ; K is the dissociation constant of water, the value of which, 
calculated from the concentrations of the two ions given on p. 404 
(■079 X 10 -« at 18° 0.), is K = 0'61 x IQ-H 

For a salt of a weak acid and a strong base (e.ff. sodium 
phenolato), combination of the first and third equation gives 
yS/a = K/kj. Now y is the concentration of hydroxidion ; if neutral 
salt has been dissolved, S, the concentration of liberated acid (which 
is practically undissociated) is also equal to y ; a, the concentration 
of anion, is the same as that of the salt, as it is completely ionised. 
K and kj are constants. The hydrolysis is measured by the value of 
y ; the equation is of the form y“/a = k (where k = K/kj), which is the 
same as for the dissociation of a weak acid or base, for slight 
hydrolysis, the extent is inversely proportional to the square root of 
the concentration, with greater hydrolysis more slowly than this and 
the ratio of the square of the hydrolysed paifi to the non-hydrolysed 
part is constant. 

It is apparent from the original equation, 
yS/a=K/k„ 

that y can be diminished to any extent by increasing S, and a 
moderate increase of S, ie. a small excess of undissooiated acid, is 
sufficient to correspondingly diminish y. A solution of sodium 
phoiioliito at a dilution of 10 1. is hydrolysed to ‘08; addition of an 
excess of -08 phenol reduces the hydrolysis to -05 Since this excess 
is practically unionised, it has no effect on the conductivity, and in 
this way the true value of the migration velocity can be determined 
for ions whose salts are hydrolysed (Brodig, 1894). 

The same considerations and formiilie hold for salts of strong 
acids and ivcak bases. 

It is quite different if both acid and base are weak. In 
yS/a = K/ki, the concentration of hydroxidion is^no longer equal 
to the amount of hydrolysis, but the liberated base is only slightly 
ionised, as it is in the presence of its neutral salt. But the relation 
holds here (p. 416) that the concentration of hydroxidion is 
independent of the dilution; y is therefore a constant, and S/a 
becomes a constant. Consider a solution containing equivalent 
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quantities of acid and base, S is the concentration of the unionised 
free acid, and gives therefore the amount of hydrolysis, while a, the 
concentration of the anion, gives the amount of salt which is not 
hydrolysed, since the salt was supposed to be completely ionised. 
The equation S/a = constant states that the ratio of the hydrolysed 
fraction of the salt to the undecomposed part is inde- 
pendent of the concentration. 

These results for two weak electrolytes stand in the same 
relation to the previous case of one weak electrolyte, as that 
existing between the dissociation of a w^eak acid with or without the 
presence of its neutral salt , the hydrolytic or electrolytic dissociation 
is in the one case independent of the dilution, in the other it is 
proportional to the square root of the dilution. 

It must he noted that these statements, like the formulae, only 
apply to compounds of univalent ions. They have been worked out 
in many cases for multivalent ions ; the more complicated relations 
need not be given here. Further, the rules given above are only 
approximations obtained by making certain simplifying assump- 
tions which have been stated in each case. The real behaviour shows 
more or less divergence from them; still most of these theoretical 
results have been compared with experimental results, and found to 
be BO far in agreement with them, that they may safely be 
considered as experimentally confirmed. 

Theory of Indicators. — A theory of acidimetric and alkalimetrio 
indicators can be based' on the foregoing principles (Ostwald, 1894). 
These are colouring matters, which change colour when the solution 
changes from acid to alkaline ; it is well known that they behave 
differently, certain of them being suitable for some acids or bases, 
and others not. 

An^alkalimetnc indicator is always an acid or a base, whose ion 
has a different colour from that of the undissociated substance 
There are thus two classes 'of indicators. We will consider the acid 
ones first. 

A coloured acid cannot be used as an indicator if it is quite a 
strong acid. If it were, it would be already ionised at the dilution 
at which an indicator is employed, and could show no change of 
colour since the ions would remain unchanged on neutralisation, i.e. 
formation of the salt, the ion MnO/ of the permanganates is an 
example. But if the acid is weak, it will be in the ionic state in the 
solution if there is excess of base, i.e. m presence of much hydroxidion 
and vanishingly little hydrion. When more and more acid is added, 
a point IS reached at which the hydroxidion is almost used up by 
the added hydrion, and a slight excess of hydrion is present This 
will unite at once with the anion of the indicator, which then changes 
into the colour of "the undissociated compound. 

Thus the anion of phenolphthalein is red, the undissociated 



426 


OUTLINES OF GENERAL CHEMISTRY 


compound is colourless.^ The anion of litmus is blue. The 
undissooiated substance red, etc. 

Now phenol plithaleni can be used to titrate weak acids, but only 
with a strong base, as e.g. barium hydroxide. It is useless in presence 
of a weak base, such as ammonia, for there «s no sharp colour change, 
only a gradual transition. 

The reason is that it is a very weak acid , its salts with weak 
bases are therefore hydrolysed, and before hydrion is present in any 
excess an increasingly greater proportion of the ions have been 
converted into the colourless undissociated compound. If the base 
IS strong, the hydrolysis is very slight, and the colour change is 
sharp. 

To titrate a weak base with an acid indicator, recourse must be 
had to a stronger acid, which will not be so imich hydrolysed. Methyl 
orange, the sulphonic acid of dimethylamidoazobenzene, is such an 
indicator. The ion is yellow, the compound is red; these are the 
colours in alkaline and acid solutions. 

Weak bases may be titrated with methyl orange, but only with 
strong acids, such as hydrochloric acid or sulphuric acid. With weak 
acids, like acetic acid, the colour change is indefinite The explanation 
is that the first slight excess of acetic acid, being iu presence of its 
neutral salt, gives very little hydrion, so little in fact that it is 
not sufficient to unite with the ion of the indicator. There results a 
chemical equilibrium, which is gradually displaced on increasing 
addition of acetic acid with jiroduction of an 'undissociated indicator, 
but this is spread over so wide a region of concentration that exact 
measurement is impossible. 

Hence the following rules, weak acids must be titrated 
with a strong base and a weak acid indicator, weak bases 
with a strong acid and a moderately strong acid indicator 

Similar considerations hold for basic dye-stuffs, which can be used 
as indicators when the ion and the substance have different colours. 
But the rules are to bo inverted weak acids require a strong 
basic indicator, weak bases as weak a basic indicator as 
possible. 

Phenolphthalein is one of the weakest acid indicators. It is 
followed by litmus, cochineal, rosolic acid, nitrophenol, and finally 
methyl orange as the strongest acid employed as an indicator. Basic 
indicators are not much m use. 

The Solubility Product. — To the electrolytic equilibria in a liquid 
already dealt with are to bo added those in which several phases 
appear. Those with solid phases are the most important, the 

' The question tins often been loiserl lecontly, wliother the neutral indicator does 
not undergo an isomeric leairangemont, as seems iirobablo from cortnm theories ns to the 
oonstitntive natnru of light absorption and colour It may bft'lelt to the future tc 
settle this question, wliioli is as yet doubtiiil ; in any cose tlie founUatioii of the theory 
outlined above is not affected by it. 
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question under what circumstances a precipitate occurs in the 
double decomposition of two salts, has occupied the attention of 
chemists since the times of Stahl and Bergmann. 

In conjunction with the statements on p. 326, it may be said 
generally that every solid^salt has a definite solubility at any given 
temperatuie, which is defined by the concentration 0 of the unionised 
part in the solution This quantity, again, is fixed by a and b, the 
concentration of the ions in the solution. The relation between 
the three is given by the equation a^b*^ = kc, where m and n are 
the number of ions in the salt. If the magnitude a"'b" is called 
the solubility product, precipitation becomes possible in a 
solution, so soon as the solubility product is exceeded.^ 

If, therefore, two ions which can form a salt with a small solubility 
product, are brought together in solution, supersaturation will exist, 
and precipitation will set in if the metastable region is 
exceeded or nuclei are present This simple rule embraces the 
whole theory of precipitation in the reactions between electrolytes. 

Simple cases such as arise in the reaction between the ions of 
neutral salts, require no elucidation ; e g. the precipitation of calcium 
salts by ammonium oxalate, of sulphates by barium or lead salts, 

It is more difllcult when one or other of the electrolytes is not 
completely ionised, as most neutral salts practically are. Among 
these are the precipitations by acids, which formerly caused some 
difficulty. While all calcium salts are precipitated by sulphuric acid, 
the precipitation of calcium acetate by oxalic acid is practically 
complete, but not of calcium nitrate, and the presence of free nitric 
acid can prevent the precipitation altogether 

The reason is as follows . sulphuric acid is a strong acid, while 
oxalic acid belongs to the weaker acids. If hydrion is present in 
solution along with sulphate ion, they unite only to a very slight extent 
to form sulphuric acid. But with oxalate ion combination is extensive 
when excess of hydrion is present. Oxalate ion disappears from the 
solution, and a point is soon reached where the solubility product is 
not reached. 

Hence the rule that acids can hinder the precipitation 
of sparingly soluble salts of weak acids, but not of salts 
of strong acids 

This conclusion is generally borne out by experience ; the silver 
halides are practically insoluble in other acids, because the halogen 
acids are among the strongest acids. On the other hand, the salts 
of the weak pbospljoric acid and of the still weaker carbonic acid are 
soluble not only m the strong mineral acids, but most of the salts 
of the former and all the salts of the latter dissolve in acetic acid. 

^ If the excess is awt great, precipitation does not neeessaiily occur, if the super- 
saturation is still in tlie metastable region. But if precipitation lias commenced, it 
proceeds to the equilibrium point. 



428 


OUTLINES OF GENERAL CHEMISTRY 


The same considerations govern, the question, which precipitates 
are soluble in acids, and which are not. 

The precipitation of sparingly soluble acid or basic substances 
follows the same rules. The former is not a common occurrence, but 
the latter is very frequent and may be fui'^her considered. 

When potassium hydroxide is added to a solution of a copper salt, 
the concentration of hydroxidion is increased, and soon the solubility 
product cupric ion x hydroxidion is exceeded, and cupric hydroxide 
18 precipitated. This is the typical reaction. Irregularities occur, 
for instance, in the precipitation of magnesium salts with ammonia. 
Precipitation is incomplete, and if ammonium salt has been previously 
added, does not take place at all. 

The solubility product of magnesium hydroxide is moderately 
large, as may be known by its slight alkaline reaction. Ammonia is 
a weak base, and the concentration of hydroxidion in solution is not 
large Still it is enough to exceed the solubility product of 
magneaium hydroxide when the two solutions are mixed. Dmung 
the reaction ammonium ion increases in the solution, for a strongly 
ionised salt is formed with the aiuoii of the magnesium salt ; this 
depresses the ionisation of the ammonia (p 414) with corresponding 
diminution of hydroxidion. At the same time, the concentration of 
magnesuuu ion hasdiminished owing to the separation of the hydroxide ; 
and, in consequence, the solubility product is not reached even on 
further addition of ammonia, ie. no further precipitation takes place. 
Previous addition of ammonium salt will retfuce the concentration of 
hydroxidion in the ammonia to such an extent that the solubility 
product of magnesium hydroxide is never reached. 

In general, any process which removes one of the ions 
of a precipitate from the solution, will favour its solubility 
It is known that silver chloride is markedly soluble in mercuric 
nitrate. This is because mercuric chloride is a feebly ionised salt , 
the chloride ion unites with mercuric ion from the nitrate to form 
luiionised mercmuc chloride, and more silver chloride goes into 
solution until the increased concentration of silvei ion has made 
good the loss of chloride ion, and the solubility product is again 
reached. 

Ooniplex Oompounds. — One of the commonest ways in which ions 
are removed from solution is by the formation of “complexes.” This 
name is given to ions in which components occur which are not there as 
ions, although they can exist as ions. Theoretically these compounds 
are always split up to some extent into the simple ions, although 
the greater part is present as complex ; frequently this decomposition 
is experimentally recognisable 

Almost all silver salts are soluble in potassium cyanide, because 
silver ion unites with cyanide ion to form the comply anion Ag(C]Sf)2'. 
The concentration of silver ion in the solution becomes very small, 
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and large amounts of the solid salt must go into solution to increase 
the concentration of the anion if the solubility product is to be 
reached. 

Similar instances are very frequent.^ They are known in 
analytical chemistry as a.nomalous reactions; this term may 
almost be considered synonymous with formation of complexes. At 
any rate, the increased solubility of a sparingly soluble salt (in its 
widest sense) is almost always to be referred to the entrance of one of 
its ions into a compound in which it is not an ion. 

Order of Separation of Salts. — These considerations throw light 
on the question, which of the four possible salts will separate out 
from a solution containing two kations and two anions. It is that 
one whose solubility product is first reached as the solution is 
concentrated. The same holds for the other salts, only the matter is 
more complicated because the separation of the first salt has 
diminished the concentration of these ions, so that, owing to the 
accumulation of the other two ions, it is generally the salt of these 
ions whose solubility product is next exceeded. 

Complete equilibrium is not established by the separation of 
two salts, for a system of four ions requires three solid phases, along 
with liquid and vapour, for an absolutely defined relation between 
temperature and composition of the solution.^ The solution will 
have the character of a saturated solution only when three of the 
four possible salts are present as solids ; i.e. will undergo no change 
when the quantities of the solid phases are altered. If two salts, all 
of whose ions are different, are brought into excess of water, 
equilibrium is not established by the mere process of solution. 
For this, one of the two salts produced by double decomposition 
from the first two must separate out as a solid. 

Which of these salts will be formed, depends on the solubility 
products of the two. These may change place with change of 
temperature, so that in general there is one definite temperature at 
which all four salts can coexist. Below this transition temperature, 
the one triad is stable, above it the other. 

' Detiuls will be found in tlie autlioi’s Wissenehaftticluai Orundlagm da maiytisohai 
0/i«?w6, i Aiifl., Leipzig, 1904 (or tlie English translation, Tlie Seiaiiifio Foundations ’of 
Analytical Ohmustry, London) 

^ Four ions and water give 5 components, therefore 7 degrees of freedom, according 
to the phase riiie These are reduced by the ionic equation (p 403) to six , for one 
degree of freedom to remain, five phases (three solid, liquid, and vapour), must be 
present. 



CHAPTER XVm 

VOLTAIC CELLS 

Qeneral.^ — After Galvaiii had discovered the jerking of prepared frog 
hmbs which occurs when muscle and nerve come in contact with 
metals, and Volta had shown the necessity foi two metals and had 
demonstrated the purely electrical nature of the phenomena, the 
question as to the source of this electricity immediately arose. 
Galvani sought it in living colls, Volta in the contact of two 
different metals, Volta in a series of brilliant researches succeeded 
in proving that Galvain’s views were wrong; there then arose a 
dispute as to his own theory which lasted over half a century, 
echoes of which may still be heard. The law of energy settled 
this question, as it has so many others : it immediately showed what 
the question was. By the construction of hfs “pile” Volta showed 
that an apparatus could be made by alternating discs of two dift'erent 
metals with a moist conductor, which would perform all kinds of 
thermal, chemical and mechanical work. The first question with regard 
to It ought to have been, “Whence comes the electric energy!” 
not, “Whence comes the electricity!” The work which the pile 
could perform must arise from some ulterior source of energy, 
and the only available source was the cKemical processes in the 
pile. 

The settling of the question was rendered more difficult by the 
great disproportion between tho quantity of electricity and of 
matter which move together in accordance with Faraday's 
law. Quantities of electricity which can charge large condensers 
so as to give long sparks, are combined with scarcely weighable 
amounts of their carriers, the ions : thus it is possible to have 
important electrical effects, and no possibility of evidence of the 
corresponding chemical processes But since Fivraday’s law has 
been shown to be so exact a law of nature that up to now no 
deviations from it have been discovered, it can be said with 
certainty that in systems containing electrolytes, no electrical 
process can occur without a corresponcl'ing chemical 
process. 
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A Voltaic element is a macliine whicli converts chemical 
energy into electrical energy In a theoretically perfect machine 
of this kind, the chemical and electrical processes will be so bound 
together that neither of them can proceed without the other. Such 
a machine fulfils the ^conditions for reversibility, and allows the 
corresponding laws to be applied. 

One cause of the very slow development of a rational theory of 
Voltaic elements was that the cells at first in use were far removed 
from this ideal ; and indeed were not connected with any sharply 
defined chemical process. In the original cell of Volta, zinc, silver and 
salt water were employed. Ritter substituted copper for silver, and 
Fechner noticed that the copper worked best if its surface was 
oxidised. All these cells had a variable electromotive force; they 
become “ polarised ” in use. This was because the chemical process at 
first consisted in reduction of the cupric oxide , when this was used 
up hydrogen was liberated, and this diminished the electromotive 
force. 

Measurements. — ^Electrical energy (p 379) is measured by the 
product of quantity of electricity and electromotive force. 
Faraday’s law accounts for the former • 96640 coul. go through the 
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cell for every equivalent (i.e. to 1 g. hydrogen) of reacting substance, 
independent of the nature of the cell. The difference of energy 
of various cells must therefore be expressed exclusively by the 
electromotive force, the measurement of which is the foundation 
of its estimation. The best method of measuring electromotive force 
is to prepare a known series of electromotive forces, and oppose them 
to the unknown *one. When two exactly balance each other, the 
unknown electromotive force is the same as the one which compensates 
it (Poggendorf, 1842) 

Now that aCdhmulators give a very steady current, it is easy 
to set up a suitable apparatus. An accumulator E, Fig. 63, is connected 
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io a wii’6 stretclied over a metre scale (the measuring bridge for 
conductivity determinations, p. 386, is smtable), and the cell to be 
measured is connected with a current or potential indicator G, in 
a circuit which ends in the sliding contact C. The latter is moved 
until G gives no movement j the reading of o in millimetres gives the 
olectroinotivo force *■ in thousandths of that between a and b. 

G may be either a sensitive galvanometer or an electrometer ; 
the latter has the advantage of not allowing a permanent current to 
pass, and thus protects the cell to bo measured.^ As the accumulator 
has not a definite electromotive force, a normal element is also 
measured, and the readings reduced to this. 

A Weston cell is used as standard; it consists of amalgamated 
cadmium, saturated solution of cadmium sulphate in contact with 
crystals of tho solid salt, mercurous sulphate and mercury. Its 
electromotive force is 1'0186 V, and is practically independent of 
temperature. 

The Normal Cell. — The type of an electrochemical apparatus 
which approaches most nearly to the theoretical conditions, is the 
Daniell cell (1836). 

It consists of a conductor (electrode) of zinc in a solution of zinc 
sulphate, and one of copper in a solution of copper sulphate, the two 
solutions being in contact. To avoid mixing they are usually 
separated by a porous septum, but this is not material. 

Nothing happens in the cell so long as both electrodes are not 
brought into metallic contact; when contact is made, an electric 
current passes through the conductors and tho cell, as a result of 
which metallic copper is deposited on the copper electrode, and an 
equivalent quantity of zinc is dissolved at the zinc electrode. The 
chemical process is thus a substitution of copper in tho solution by 
zinc, In accordance with Faraday’s law, the quantity of electricity 
which is set m motion through tho cell is proportional to the quan- 
tities of dissolved zinc and proeipitatecT copper, being 2 x 96640 
coul. for each mol of zinc or copper, since both metals are* 
liivalent. 

The thermal effect of tho substitution of copper in the sulphate 
solution by zinc can be directly measured by decomposing a copper 
sulphate solution with zinc powder in a calorimeter. It can also 
bo found from the tables of thermochemical data, by subtracting the 
heat of formation of dissolved copper sulphate from that of zinc 
sulphate." It is 1039 - 830 = 209 kj , or 209000 j. 

1 Tlio most convenient eleetronietei is one on tlie Lippmnnh pimciple. Neooasni'y 
details of the tcolmuiuo of this nnd other physico-cbenuoal measurements will ha found 
m Ostwald-Lutiier's Hund- tend Itil/sbmh sur A«sfiihi'uii(j physicochemiedmr 
Mensumjen, Leipzig, 1001. 

As a mniter of fact tiio heats ot formation of copper eotnpe,uiid.s were determined 
hy hrst determining the heats of forinniSon of zmo compounds by 'dissolving the metal 
in noids, and then the heats ot decomposition of coppoi salts by metallio zinc. 
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If we assume that the total energy which is set free m this process 
is changed into electrical energy, the one factor is given, viz. the 
quantity of electricity, 2 x 96540 coul. -Dividing the quantity 
of energy, 209000 j , by this, the electromotive force in volts is 
obtained. This makes th^e Daniell cell 1 OS V; the observed value 
IS ITO V, in good agreement with the calculated value. 

Theory of the Voltaic Oell. — This agreement in the case of the 
best-known cell led to the belief that this was a general law. But 
attempts to verify this idea met with experimental difficulties. 

When a cell is closed through a wire, the electrical energy is 
transformed into heat, which, according to Joule’s law, appears in 
the whole circuit in proportion to the resistance at each point. In 
particular, a quantity of heat appears in the cell itself, the amount 
being to the total heat as the internal resistance of the cell is to 
the total resistance. If the external resistance is increased, a greater 
part of the heat evolution takes place outside the cell ; this can easily 
be carried so far that the internal resistance is barely 1 per cent 
of the whole. 

But Favre (1854) found that part of the heat cannot be taken 
out of the cell, since even with a very great external resistance the 
heat remaining in the cell did not become zero, but approached a 
finite limiting value, which was usually positive, but could also be 
negative. Tho latter means that more heat was taken from the oell 
with the current than was derived from the chemical process; this 
excess being taken from the surroundings. If the first phenomenon 
might be explained by “side reactions” which liberate heat but 
cannot act electrically, this would hardly meet the second case, since 
these side reactions would take place with absorption of heat. 

This theory of the complete transformation of chemical energy into 
electrical energy in the voltaic cell ^ must be abandoned. The correct 
theory was established by W. Gibbs (1878) and Helmholtz (1882). 

Since we may not assume ft pi’iooi that in every cell the chemical 
energy can be transformed into electrical energy, the calculation 
should include the possibility of evolution of heat in the cell. 

1 That this cannot he the case la apparent from the following considerations. 
Suppose a cell of the Dauioll type, hut with an easily fueible metal at its melting-point, 
and the eleotromotlve force to be sueli that the chemical energy is entirely changed into 
eleotrioal energy, when both metals are in the solid state Now melt the one metal , no 
change of temperature is necessary for this. Suppose tho eleotiomotive force to change 
so that again the heat efteot in the cell is zei-o. Now oppose the two cells ; heonnse of 
the dilloieiico of electromotive force, a current will be produced with which work can be 
done Since the chemical process is the same m both cells, the lesiilt will be that on 
the one side the liquid metal dissolves, and on the other the solid will separate But 
the solid metal can be melted again at the melting-point by adding beat, and so the cell 
be kept in action perforiiiiug work for any length of time, % e. at constant temperatnie 
any amount of heat can be changed into work. This would be a peipetuum mobile of 
tho second kind, and is impossible according to the second law Bather, both electro- 
motive forces are equal' and if the one cell has no heat efteot, the other will certoinly 
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Let the cell have the electromotive force at the temperature 
T, and let the electrodes bo n-Yalent, and F be the Faraday con- 
stant =96540 coul. Imagine the quantity of electricity nF 
passed through the cell at T; the electrical work iiFtt will he 
performed, and W joules will be used iiv keeping the temperature 
at T. (W may be positive or negative.) Then lot the temperature 
be raised to T -i- dT, the electromotive force changing to tt + d7r. 
Under those conditions pass nF coul. through the cell in the 
opposite direction. We assume that the chemical process (as in the 
Dam ell coll) is exactly reversed. Finally bring the temperature 
hack to T ; the cycle is complete, and we can use the formula that 
the work is to the heat absorbed, as dT to T. The work is the 
difference of the two electrical energies, viz iiTdir ; the heat is W 
The equation is dT/T = nUdw/ W, or dTr/dT = W/iiFT. Now the 
heat to be added to the cell for the transformation of one mol is 
equal to the electrical energy taken out of the cell, iiFtt, less the 
heat given out by the chemical process, the heat of reaction R. 
Therefore W = iiFtt - R. If this bo put into the above equation, 
dir/dT = tt/T - R/iiFT, or 

"■"nF^^dr 

In this equation R/nF is the chemical energy divided by the quantity 
of electricity, i.e. the electromotive force as calculated according to 
the earlier views. As the formula shows, the two are not the same, 
except when + dir/dT, the temperature coefficient of the electromotive 
force, is zero. This is approximately true in the Daniell cell, for 
which, therefore, tt = R/nF, 

In other case.s, the electromotive force is not usually inde- 
pendent of the temperature, but varies to a very considerable extent. 
Changes in both directions have been observed, increase of electro- 
motive force with rise of temperature, as" well as decrease. If d?r/dT 
is negative, i.e. if the electromotive force decreases with rise of tem- 
perature, W = nFir - R is also negative, and R is >nF7r, i.e. the chemical 
energy is greater than the electrical energy. The cell must be cooled 
to keep Its temperature constant, or it heats itself during action 
above the amount of J oule’s heat, i.e. that evolved on account of the 
resistance. The reverse case, increase of electromotive force with 
rise of temperature, is connected with the fact that the cell works 
with absorption of heat, or cooling. 

These deductions have been experimentally confirmed by many 
careful investigations, the latest by H. Jahn. 

Cells whose electromotive force decreases with rising temperature, 
must pass through zero electromotive force and then change their 
poles. Tliey have then become cells which take''flp heat and whose 
electromotive force increases with rise of temperature, so that this 
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class must be considered typical for high temperatures. At the same 
time the term Tdir/dT becomes greater in comparison with E/nF, 
i.e. finally the chemical process plays a secondary role in the cell. 
There will lesult at last an ideal cell-state, as there is an ideal gas- 
state, ill which the whole heat added at 'constant temperature is 
changed into electrical energy, and the heat effect due to the 
chemical process appears as a deviation from the ideal state. 

The theory does not provide an independent calculation of 
electromotive force from the chemical constants for the processes in 
the cell, blit gives the connexion betw'een the chemical energy, the 
electrical energy, and a third member, which is defined by the 
temperature coefficient of the electromotive force. When two of these 
are known, the third can be calculated. 

Conditions in the Normal Cell. — The next question is what must 
be the nature of the chemical processes m the cell, in order that the 
theory may be aiiplied. The conditions are that the cell must be 
constant and reversible. 

A cell will be constant if, during the passage of the current, 
the same process takes place under the same conditions. As the 
substances are used up during the process, they must either be present 
initially in sufficient .quantity and concentration, or provision must 
be made to replace them as they are used up. But these are rather 
practical questions ; since for theoretical purposes the current taken 
off may be reduced to^a minimum, any cell may be held to satisfy 
this condition. 

The real difficulty in regard to an inconstant cell is the question 
as to which chemical process of all those possible under the circum- 
stances IS the one which actually takes place. Thus a cell of zinc 
and platinum in sulphuric acid can work in several ways. So long 
as the kathode contains atmospheric oxygen, the hydrogen will form 
water at its expense. Wl^en this is used up, hydrogen will be 
liberated, at first dissolved in the platinum, later in the form of 
bubbles A different electromotive force corresponds to each of 
these processes, and in order to calculate the electromotive force, 
the conditions under which the cell is working must be clearly 
defined. 

A cell IS reversible, if the process which takes place when the 
current is passed in one direction can be reversed by a current 
m the opposite direction. This condition is obviously very 
nearly fulfilled in the Daniell cell, in which this reverse reaction is 
possible. This condition resolves itself finally into an essentially 
practical one, since in general the reverse reaction is always possible. 
But in many instances it may be that other reac.ions can also take 
place under the same circumstances, and may quantitatively exceed 
the theoretical reaction. It frequently happens, too, that the 
immediate product of the chemical process at the electrode undergoes 
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fm'ther changes which are difficulfc to reverse. In all such instances 
the reiiotions cannot be completely reversed, and sometimes apparently 
not at all. , 

Still, reversibility is often merely a question of time, and for short 
intervals of time is jirobably always 2 Jrost'nt. This is shown by the 
fact that in using alternating currents to measure electric conductivity 
(p. 386), no deviations from Ohm’s law have been observed, although 
very exact investigations have been made on this point. This proves 
that the energy of one current which has gone in pplarising the 
electrodes is again made good in the next current of opposite direction, 
i e. that the substance separated out by the first current is used again 
by the succeeding reversed current Otherwise there would be 
a consumption of energy at the electrodes, in consequence of which 
there would be deviations from Ohm’s law. 

Ionic Reactions in the CeU. — ^When a current is taken from a cell, 
it goes not only through the external conductor, but through the cell ' 
itself. This is a combination of conductors of the first and second 
class. A current can pass through the first without change, but in 
the second it requires ions in the electrolyte as material carriers, and 
at the jplaces where the electrolyte and the metal conductors, 
or electrodes, meet, ions must be formed from electrically 
neutral substances, or ions must be changed iiito neutral 
substances, for in no other way can a current jiass continuously 
through the cell. Which of these processes occurs is indicated below. 
If we call the electrode at which the jiosilfve electricity enters the 
electrolyte the anode, the passage of the current can be effected by 
positive ions or kations dissolving from the anode, taking the current 
with them. This is what happens at the zinc of the Daniell cell. 
A current of positive electiicity in one direction is equivalent to a 
negative eurrent in the opposite direction ; the same end will be 
attained if anions disappear instead of kations being formed. If the 
zinc solution of a Daniell coll is replaced by one of hydriodic acid, 
a positive current can enter the liquid from a metallic conductor, e.//. a 
platinum jilate ; the negative iodide ion of hydriodic acid is discharged 
and becomes ordinary iodine, which dissolves in the excess of acid. 
It may he considered as a neutralisation o^ the positive electricity on 
the filate by the negative electricity of the iodide ion, which then is 
neutral or ordinary iodine 

Similar processes occur at the kathode, i.e. at the electrode at 
which the positive current leaves the electrolyte or the negative 
enters it. But at it anions must go into solution.or kations disajjpear. 
The latter process takes jilace in the Daniell cell, for there cupric ion 
leaves the liquid and is precipitated as metallic, ie. neutral copper 
on the electrode But the copper sulphate of the Daniell cell can be 
quite well replaced by bromine (which is dissolved in hydrobromic 
acid or potassium bromide solution to increase the conductivity). In 
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tliis case the negative current enters the solution by the bromine 
taking up negative electricity and becoming bromide ion. 

The essential reactions at the anode are increase of kations or ' 
decrease of anions ; and at the kathode, increase of anions or decrease 
of kations. One of these -reactions must be possible -with the sub- 
stances at each electrode, if a combination of conductors of the first 
and second class are to form a working voltaic cell. Thus there are 
four types of cell, viz ; — 


Anode. 

Formation of kation. 
Formation of kation. 
Loss of anion. 

Loss of anion. 


Kathode. 

Formation of anion. 
Loss of kation. 
Formation of aniou. 
Loss of kation. 


Increase or decrease of the charge on existing ions is equivalent 
to formation or disappearance of ions (p. 401). 

Examples of these types are : — 


1. Zinc in zinc sulphate, bromine in hydrobromic acid. 

2 Zinc in zinc sulphate, copper in copper sulphate. 

3. Iodine in hydriodio acid, bromine in hydrobromic acid. 

4. Iodine in hydriodio acid, copper in copper sulphate.’- 


From a chemical point of view, the processes at the anode are 
oxidation phenomena in the wider sense, while at the kathode the 
substances undergo reduction. In ordinary chemical reactions oxida- 
tion and reduction are not spatially separated, the oxidising substance 
being in intimate contact with the oxidisable or reducing substance, 
whereas they are separated in the cell. 

This separation is essential for the coupling of chemical and 
electrical energy : because of the separate formation or disappearance 
of ions at the distant electyodes the electricity is compelled to pass 
through the circuit in the form of an electric current. 

, Oxidising and Eeducing Agents. — Cheqiically considered a sub- 
stance which tends to form positive ions or to use up negative ions 
is a reducing agent in the widest sense, while an oxidising agent 
Strives to form negative ions or causes positive ones to disappear. 
The above examples afford striking proof of the correctness of this 
definition. At the same time it is seen that what was hitherto 
vaguely expressed by the terms oxidation and reduction is now 
completely and exactly defined. 

The simple exadiples chosen above present no difficulty, but more 
complex oxidising and reducing agents are not so easy. Still it is 

^ Since elements wltioli form araous are scarcely kno-wn ns metallic conductors, 
biomine and iodine muat be used lu coniimctiijn with electrodes of some conducting 
mateiial, which is not chemically attacked by them, while this is unnecessary with 
metals. There is no essential difference between them. 
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possible in. every case to I'epresent the matter in a similar way. The 
simplest case is where existing ionic charges are increased oi; diminished. 
A kation is a reducing agent when the number of charges is increased, 
an oxidising agent when the number is diminished. The reverse 
holds for anions. • 

Examples of the first are iron and tin, also the other metals 
which fonn kations of different valency. When ferrous ion becomes 
ferric ion, it acts as a reducing agent on other substances, and vice versa. 
On the other hand, if the trivalent anion ferricyaiiide ion increases 
its negative charge, passing into the quadrivalent ferrocyanide ion, it 
oxidises some other substance. 

The more complicated cases of oxidation and reduction can all be 
referred to this form of increase or diminution of ionic charges. The 
scheme is as follows: oxidising agents (if necessary with addition 
of the elements of water) are formulated as hydroxyl compounds, 
reducing agents as hydrogen compounds, and the corresponding 
changes of ionic charges take place on the resulting ions. A few 
examples will make this clear. 

Nitric acid is a strong oxidising agent, which during its action 
becomes NOj or NO. The oxidation of silver by nitric acid is usually 
written : 

Ag + 2HNO3 = AgNO., + H2O + NOo. 

This docs not represent the essential difference in the action of 
the two mols of nitric acid, of which only one oxidises. In accordance 
with the above scheme, it wmuld be wi’itten 

Ag + NO.;,OH' + H-,N08' == Ag‘,NO/ + H^O + NO^. 

The kations are marked with as many dots, and the anions with 
as many dashes, as their valencies, and the dissociated parts are 
separated by a comma. The moaning of the equation is ; when nitric 
acid acts as an oxidising agent, it is to be represented as a hydroxyl 
compound of the kation NO^ Although this dissociation certainly 
occurs only to an extremely small extent, it is permissible to assume 
that if this small quantity of ion is used up in a reaction, it will he 
regenerated with great velocity. The oxidation consists in the NOj 
giving its positive charge to the silver, and becoming neutral NOj. 
The hydroxyl ion unites with the hydrion of the other mol of nitric 
acid, forming undissociated water. 

The formation of NO during oxidation is to be represented in a 
similar manner. With addition of water, the reaction can be written 

3Ag + NO"’,(OH),,' + 3H ,NO./ = 8Ag,NO/ + 3H,0 + NO. 

The formation of a trivalent kation NO"' along with three 
hydroxyl ions is assumed, and the silver goes into solution as the 
three positive charges convert three atoms of silver into ion. The 
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three hydroxyl ions form water with the hydrion of three mols of 
nitric acid, while their anions form silver nitrate with the silver ions. 

To give an example of a reducing agent, we may formulate 
the action of sulphurous acid on iodine. Sulphurous acid as a 
reducing agent is to be -written as a hydrogen compound of the 
quadrivalent anion SO,/'", the elements of water being added, thus . 

SO/'",H-^ + 12 = SO/',H/ + 2 r,H-. 

The reduction of iodine to hydriodic acid is a result of the 
quadrivalent SO/'" changing to the bivalent SO/', the anion of 
sulphuric acid, the two charges going to transform two atoms of 
iodine into iodide ion. 

This method of formulation may be regarded as a possible, but 
unnecessary one. But it is soon seen to be a better expression of 
the essential processes than the older method. This is especially 
evident in the case of permanganic acid. If this is written, since it 
is an oxidising agent, as the hydroxyl compound of septivalent 
manganese HMnOi + SH^O = Mn(OH)7, the following relations are 
■seen at a glance. 

If permanganic acid goes into manganic acid, the hydroxyl 
compound of sexavalent manganese, it loses one positive unit, i.e. 
one oxidation equivalent. 

If it goes into manganese peroxide (quadrivalent manganese) it 
yields three oxidation equivalents. 

If it goes into bivalent manganous salt, it yields five oxidation 
equivalents. 

This gives a simpler representation of the oxidising action of 
permanganate than the ordinary method. For the oxidation of 
ferrous to ferric salt, which is so much used as an analytical method, 
it shows at once that one mol of permanganate can oxidise five mols 
of ferrous ion, since each ferrous ion requires one oxidation unit, i.e. 
one ionic charge, to turn it into ferric ion. 

It may still be asked what justification there is for the assumption 
of these multivalent ions, on which these considerations rest. Now 
it is quite possible to treat them from a formal standpoint, and 
consider these ions merely as convenient aids to calculation. 
Expediency is sufficient justification, but evidence can be advanced 
as to the real existence of these ions, although in very small 
amounts ^ Just as it is in principle impossible to pump a gas 
completely out of a given space, it would require an infinite amount 
of work to completely remove a substance existing in solution from 
the solution. Conversely, incipient traces of every substance which 
are possible under the given circumstances must be formed with ir- 
resistible force. Every substance possible under the given conditions 
. 1 111 nitrating aromatio compounds, nitric acid acts in the sense of tlio dissociation 

N04, on'. 
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must be regarded as actually present. This predicts nothing as to 
the amounts present, and in most cases it is unknown, owing to the 
limitations of our analytical methods. Each improvement in this 
brings new confirmation of the statement , one has only to recall the 
endeavours of various investigators to oblfain an oxygen-free space, 
which have led to the result that each more delicate reagent for 
oxygen proves it to be present, where the earlier reagents failed to 
indicate it, and no limit is in sight. 

If all the reactions of oxidising and reducing agents are to he 
explained by changes in the ionic charges, the converse must hold, 
that all oxidising and reducing agents will, when protected from direct 
reaction, and provided with electrodes, give an electric current. 
This is fully borne out by experience; Davy in his earliest electro- 
chemical researches (1801) prepared such cells and found them to 
work, and later many such combinations have been set up and 
investigated. 

It follows from this that any chemical process, in which one 
substance is oxidised at the expense of another, can be arranged as 
a voltaic cell, and its electromotive force determined, According to 
p, 434, the electromotive force will not be defined by the heat 
effect of the chemical process, but the amount of work will be 
obtained which the process can perform ; this may bo smaller or 
even greater than the liberated heat-energy. In other words, this 
measurement gives a measure of the free energy of the reaction, 
and in this lies the special importance of such measurements of electro- 
motive force. 

The question naturally arises whether other chemical processes 
cannot be arranged to form a voltaic cell, in order that their free 
energy may bo measured in this way. The answer is that this is 
generally the case if electrolytes come into the reaction. All the 
substances concerned do not need to be glectrolytes in the ordinary 
sense ; it is sufBciont that some of them are. But other facts are 
required before those can be dealt with, and to those we now pass 

Concentration Cells. — If two cells are set up with zinc, zinc 
chloride, mercurous chloride, mercury, and opposed to each other, no 
current passes, since the .system is symmetrical. If the zinc chloride 
in one cell is diluted with water, no other change being made, there 
i.s an electromotive force, jwoving that the system is no longer 
in erpiilibrium If the current is allowed to flow, it acts in such 
a way that in the coll with the more dilute solution zinc is dissolved 
and mercnious chloride is decomposed, i.e. new zinc chloride is 
produced, while in the other cell zinc separates out and mercurous 
chloride is formed, the solution becomes poorer in zinc chloride. 
Equilibrium is established when the concentration^ of zinc chloride 
ill the twm cells have again heebme equal. 

The origin of the electrical energy in this cell is thus the 
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-difference in concentration of the zinc solutions, and the 
amount of energy obtained by the electrical method must be the same 
as can be obtained in any other way which equalises the concentrations, 

There are several such methods. The vapour pressures of the 
two solutions are differerd;, and by allowing water vapour to distil 
from the weak to the strong solution, the difference of pressure can 
be utilised to do work. If this work is calculated for the case that 
the excess of water to each mol of zinc chloride in the dilute solution 
is distilled over into the strong solution (the quantities of both 
solutions are assumed to be so large that neither of them materially 
changes in concentration during this operation), and is divided by 
the quantity of electricity 2F, which causes the same effect by 
passing between the two cells, the quotient should be the electro- 
motive force of this concentration cell. Helmholtz (1872) showed 
that the calculation was in complete agreement with the observed 
values. 

The calculation can be done in a simpler way by using the 
principle of osmoticpressure (Nernst, 1889). By the passage of 
2F of electricity in the cell, one mol of zinc chloride is taken from the 
strong solution and the same amount is produced in the weak solution. 
The osmotic work is the same as a correspondmg quantity of gas 
would perform if it expanded at constant temperature (as is always 
assumed) from the higher to the lower pressure. If pj and pg are 
the osmotic pressures of the two zinc chloride solutions, and i the 
total number of mols which result from the ionisation of one mol of 
zinc chloride, this work is given by iRT Ig (Pi/pa). The quantity of 
electricity which has been passed through the double cell is 2F, the 
electromotive force w is 


Pi. 

Pn 


In the case of dilute solutions i = 3, since ZnClj gives three ions. 

The formula is identical with the one obtained from consideration 
of the vapour pressure of the solutions. This is obtained by using 
the relation between vapour pressure and osmotic pressure developed 
on p 182. The development may be left to the reader. 

The formula may be generalised by substituting the general value 
n for the particular number 2. It contains only the concentrations of 
the two salt solutions, and holds for all similar cases where two 
cells of this kind are opposed to each other. The zinc can be replaced 
by any other metal which permits of the preparation of an electrode 
and of an electrolytic Solution, and not only can the mercurous chloride 
be replaced by other sparingly soluble mercurous salts, but even this 
metal and its salt may be replaced by any other metal and its 
sparingly soluble salts, without altering the fundamental considerations 
in the least. Since the constants R and F are independent of 
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blie nature of the substances, the electromotive force is inde-> 
pendent of the nature of the substances, if the factors i and n are the 
same, and if these are differonl, the electromotive forces are in a 
simple ratio. 

All those conclusions (Ostwald, 1892i have been satisfactorily 
established by experiment (Goodwin, 1893). 

For numerical calculation the following data are necessary. The 
constant E in absolute units is 8 31 x 10^ ; F is 96540 coul. Divid- 
ing by '4343 to convert natural logarithms into decadic logarithms 
and reniembeving that 1 volt x 1 coul = 10“ erg , the factor becomes 

for which '0002 T can ho substituted with an error of 1 per cent. 
For room temperature, 18° 0 = 291° A, we have 

n- = '0677- • log Pi Volt, 
n Pa 

In the above case of zinc chloride, for dilute solutions i = 3, and 
ti=2; with a concentration ratio 1:10, whose logarithm = 1, the 
electromotive force will be '076 V. A very great diiference of 
concentration will not give a specially high electromotive force, since 
this only increases as the logarithm of the ratio of the osmotic 
pressures or concentrations, therefore much slower than the ratio 
Itself. 

Concentration Cells with Migration. — It might bo thought that 
the arrangement described above of two opposed colls could be re- 
placed by a simpler cell, made up of two zinc electrodes, each in a 
zinc salt solution of different concentration. Such simple concentration 
cells do give an electromotive force in the same direction as the other 
cell, but it is alw,ay3 smaller. This is because the change of con- 
centration which is produced by the pa,ssage of the current is not so 
great as corresponds to the current according to Faraday's law j and 
this was assumed to take place lu the development of the formula 
The eliange of concentration is less, since migration comes in question 
(p. 389). The passage of nF electricity does not change the con- 
centration by one mol, but by v/(u + v) of a mol, u being the velocity 
of migi-ation of the kation, and v that of the anion. The work is in 
the .same ratio, and the electromotive force so much smaller j the 
formula being 

1 . .0002T log Pi. ’ 
u + v n ^P2 

Osmotic Theory of the Cell. — If wo consider that similar considera- 
tions are applicable not only to the equalisation of tfro concentrations 
of a salt, but to changes of concentration of any substance concerned 
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m the production of the current, we see that the same line of thought, 
the calculation of the osmotic work done hy the passage of the current 
through the cell, leads to a theory of the voltaic cell. This has been 
accomplished to a considerable extent (van’t Hoff, 1885 ; Nernst, 
1889) by taking acconijt of the osmotic work in the electrolytic 
solution of metals. .A solid substance behaves to a liquid in the 
same way as a volatile substance does to a vapour space. According 
to the concentration of the solution the solid will either go into 
solution, or solid will be precipitated on it from the solution, until 
equilibrium is attained, i.e. until a definite concentration, the 
saturation concentration, has been established. 

If this is not already present, work can be performed by the 
process of saturation. If the solution is unsaturated, the work is 
gained by the dissolution of the solid ; if it is supersateated, it is 
gained by the concentration of the solution becoming smaller, and 
separation of the solid. 

This work can be calculated in the case of a volatile substance 
whose vapour follows the gas laws. If p^ is the saturation pressure 
and p the initial pressure, each mol of vapour at constant temperature 
T can perform the work RT Ig (po/p) in passing from p^ to p. 

The same formula holds for solutions, p being now osmotic 
pressure. 

It must be observed that it is not necessary, for the validity of 
this formula, that the vapour should have the same composition 
as the other phase, A solid substance which yields gaseous decom- 
position products follows precisely the same laws, all that is necessary 
is the reversibility of the transformation. This is true also 
for solutions ; it does not matter what becomes of the solid on going 
into solution, so long as it can be recovered from it. 

Metals which can form ions are cases of this kind. The zinc 
ion in the solution of a zinc salt is undoubtedly different from a mere 
solution of metallic zins; it can be formed from metallic zinc, 
and be reconverted into it, so that its formation in solution from 
the metal (apart from the electrical work which will be taken into 
account immediately) must be regarded as associated with the same 
amount of work as in a case of ordinary solution. Similarly the solu- 
tion of a salt follows the same law (if due regard is paid to the 
increased number of mols) although we know that it, too, is changed 
into something else, i.e. its ions. 

But a now circumstance arises in the passage of a metal into its 
ion. We know from the phenomena of electrolytic conduction that 
quantities of electricity move with the ions and are combined with 
them. If the electric charges are removed, their ionic character is 
lost, and they become neutral substances. Ho electrical phenomena 
are observed when a salt goes into solution, although it is bound 
up with formation of ions, because positive and negative ions are 
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formed in equivalent amounts. External electrical effects are 
impossible under these circumstances. But when a metal goes 
into solution as ion, it can only form kations or positively charged 
ions ; for this a corresponding quantity of positive electricity 
must be added, or negative electricity subtrjicted. 

The solution of metals is therefore ivell adapted for the production 
of electrical phenomena. Since ion formation cannot take place 
without the latter, the electrical and chemical processes can be united, 
and we thus have machines for converting chemical energy into 
electrical energy, and vice veisa. 

In the Daniell cell, considered from this point of view, a definite 
soluti on pressure is ascribed to the zinc, which expresses its tendency 
to form zinc ion. If this pressure is greater than the osmotic pressure 
of zinc ion in the solution, the transition from metal to the solution 
corresponds to the possibility of an output of work. Since this 
transition can only take place simultaneously with a movement 
of electricity, this work can be obtained entirely in the form 
of electrical energy. 

But for this it is necessary to fulfil the condition that there shall be 
no excess of electricity in the interior of the conductor, The positive 
electricity which enters the solution with zinc ion, must be lemoved 
from the .solution in some similar manner. In the Daniell cell, this 
is effected by the separation from the solution of an equivalent 
quantity of cupric ion. Since this occurs at two different places, at 
the zinc and copper electrodes, the process cannot begin until the two 
electrodes are connected together and the movement of electricity 
rendered possible. 

Further, the separation of cupric ion from the solution cannot take 
place without gain or loss of work : and this is to be calculated 
exactly as for zinc, except that the sign is changed, since instead 
of the entrance of zme ion, wo have cupric ion leaving the solution. 
The electromotive force of the cell is thiTs the difference of the 
two values at the electrodes. 

If the solution pressures of zinc and copper are denoted by Pj 
and P„, and the osmotic pressures of zinc ion and cupric ion in the 
solutions by p, and po, the total work which can be taken from the cell 
if 1 mol of zinc is dissolved, and 1 mol of copper is precipitated, 
is given by the difference KT Ig (Pj/Pi) - RT Ig (P.,/p2). 

The osmotic pressures of the ions are easily calculated from the 
concentrations and the degrees of ionisation. We have no starting- 
point for the measurement of the solution pressures of the metals ; 
Pj and P, must be regarded as fixed but unknown. They depend 
on the nature of the metal, on the temperature, and on the solvent, 
But, as we are immediately concerned with aqueous solutions, this 
last may bo left out of account. .If we work at constant temperature 
there remains one variable only, the nature of the metal. 
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To express the -vvork gained by electrochemical processes m 
measurable units, we have to remember that electrical energy is the 
product of quantity of electricity and electromotive force. The 
former is given by Faraday’s law and is n x 96540 coul.=jiF, n 
being the valency of thq ion which results from 1 mol of the metal. 
By division of the work by the quantity of electricity we obtain 
the electromotive force at the electrode. It is 


A cell consists of two electrodes in their solutions connected 
together in the opposite direction, i.e. metal/electrolyte — electrolyte/ 
metal. The electromotive force of the cell is thus the difference 
of the two potentials at the electrodes. The potentials between the 
two electrolytes and between the two metals are to be taken into 
account; we shall see later that the former is always very small, 
and the latter probably zero or very nearly so. They may both be 
provisionally neglected. 

The electromotive force of the cell is given by an equation of the 
form 


RT/ 1 , P, 1 , PoN 


The symbols marked 1 and 2 relate to the two electrodes and their 
solutions. E/F has already been found to bo 000198, if Brigg’s 
logarithms are used instead of natural logarithms. The equation 
becomes 


If iq = n 2 , the expression simplifies to 

n Pi 


Anode and Kathode. — The changes of potential which arise when 
the values of p are altered, cannot be conveniently denoted by the 
terms positive and negative. From the times of Volta’s theory, 
which erroneously regarded the origin of the electromotive force in 
a cell to be the contact of the two metals, it has remained the 
custom to denote the zinc as the positive and the copper as the 
negative metal. But in the Daniell cell the zinc is negative when 
the copper is brought to zero potential (by connecting it to earth), 
and the copper is positive if the zinc is connected to earth. An 
unambiguous nomenclature is based on Faraday’s names for the 
electrodes. A "kathode is the pleetrode a.t which kations are 
discharged from the solution, an anode the one at which anions are 
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dischargod. The definition is extended to include formation of 
anions as equivalent to separation of kations as a criterion of the 
kathode, and at an anode, kations may be sent into solution this 
being equivalent to the separation of anions from the solution 
(which seldom occurs). r 

An electrode becomes more anodic when the tendency of the 
.-inions to leave the liquid, or of the kations to enter it, increases. 
Similarly an electrode becomes more kathodic when the tendency 
of the kations to pass from the liquid to the electrode is greater, or 
the tendency of the anions to do the same becomes smaller. A cell 
has a greater electromotive force, the more kathodic the one electrode 
is, and the more anodic the other is. 

If an electrode becomes more kathodic, the positive potential on 
the electrode increases, if it is reckoned from the potential of the 
liquid; oonversely, the negative potential of the liquid becomes 
greater (or the positive becomes smaller), if the electrode is taken as 
the starting-point. The contrary holds for an electrode which 
becomes more anodic. 

In the Danioll cell zinc is the anode, copper the kathode. If the 
concoiitratioii of zinc ion is increased, the tendency of zinc to form 
ions is diminished, owing to the increased osmotic pressure The 
zinc anode becomes less anodic and the total electromotive force 
falls. Increase of concentration of copper salt at the kathode 
increases the tendency of cupric ion to defiosit on the electrode. The 
kathode becomes more kathodic and the elecCromotive force of the 
cell increases This is quite general, and the following rule holds ; 
increase of concentration of the ions of the metal in the electrolyte 
(the kations) makes the metal in it more kathodic or less anodic 

These definitions agree with the formula for the electromotive 
force in a cell, if the potentials are counted from the anode. 

Single Potentials. — Many conclusions can be drawn from the 
formula for single iiotentials. Since the' values of the solution 
pressures are unknown, we are limited to cases in which they are 
constant and hence disappear. 

In the equation for the potential of an electrode 

0-000I98T, P 
log-, 

the anion does not occur. The conclusion is that the potential 
is independent of it, and will have the same value in all salts 
of the same metal at equivalent concentration, proyided the degree 
of ionisation is the same. 

This has been fully established. With twenty-one different thallium 
salts (1/50 normal), and mercury in mercurous chloride and potassium 
chloride as the other half of the cell, the followiiTg* electromotive 
forces were obtained (Neumann, 1894) : — 
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Anion. 

Volt. 

Anion. 

Volt. 

Hydroxide 

•7040 

Suooiimte 

•7040 

Fluonde 

7060 

Taitrnte 

•7050 

Carbonate 

7060 

Citrate 

•7066 

Sulphate 

7060 

Fumarate 

■7040 

Nitiate 

7066 

Maleate 

7060 

Formate 

•7046 

Itaconate 

7060 

Acetate 

•7056 

Citraconate 

•7060 

Butyi'ato 

' 7046 

Benzoate 

7060 

Monochloraeotate 

•7060 

Salicyliite 

•7066 

Propionate 

•7045 

Phtlialate 

•7066 

Malonate 

•7050 



It has also been 

shown that 

the electromotive 

force 


Daniell cell remains the same when the sulphate solutions are 
replaced by equivalent solutions with other anions. The conclusion 
that dilution of the salt at the anode increases the electromotive 
force of the cell, and dilution of the kathode solution decreases it, 
has also been experimentally verified by the Daniell cell. If both 
solutions are diluted or concentrated in the same ratio, the electro- 
motive force remains unchanged. This is a consequence of the fact 
that both metals have the same valency (uj = ng in the formula). 

Sparingly Soluble Electrolsdies. — The electromotive force cannot 
be altered to any great extent by altering the concentration. If a 
10 normal solution be the strongest possible, for a bivalent metal 
like zinc or copper, dilution to a ’001 normal solution — the most 
dilute which can be used with any certainty — only changes the electro- 
motive force by less than 0T2 V. But there are other means by 
which the concentration of kations can be reduced to very small 
amounts. The two most important are to employ sparingly soluble 
salts of the metal, or electrolytes in which the metal 
forms complex compounds. 

The first case we have already made use of in the mercury- 
mercurous chloride electrode. An electrode of mercury covered with 
mercurous chloride, and the solution of a chloride added as electrolyte, 
behaves just as a metal in a solution of its salt, i.e. is unpolarisable 
(for weak currents). If a positive current passes from the mercury 
into the liquid, more mercurous chloride is formed ; with the reverse 
current, mercury increases at the expense of the mercurous chloride ; 
in each case without any change of potential In the first case 
chloride ion disappears from the solution, in the second it enters into 
solution, and the system behaves as if it was an electrode of metallic 
chlorine, which can take up and give out chloride ion. Further, the 
concentration of chloride ion in the solution has an effect on the 
potential ■ if it is increased, the electrode becomes more anodic. 

This can be foreseen if we make use of the general idea that all 
substances arUf soluble. The mercurous chloride goes into solution 
until its solubility product is reached, and the potential depends on 
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the concentration of mercui’ous ion. Since increasing the concentra- 
tion of chloride ion diminishes that of the mercurous ion according to 
the law of mass-action, the electrode will become less kathodic. 

Numerically the effect is the same as if the electrode sent out 
univalent chloride ion. The equation for the dissolved mercurous 
chloride is, if the mercury is assumed to be univalent,^ a x b = 
constant, a being the concentration of chloride ion, b of mercurous ion. 
The osmotic pressures of the two ions are inversely proportional to 
each other, and denoting them by p and pj^, log p = - log p^ + c, where 
c IS a constant. If this is put into the equation for an electrode, 

r = 1 log Ppj, and the osmotic pressure of chloride ion 

affects the potential to the same extent as mercurous ion does, but iii 
the opposite direction. 

Precipitation reactions can be measured electrochemically 
in cells with sparingly soluble salts, and their free energy determined 
in this way. Consider a cell made up of silver in silver nitrate, and 
silver in iiotassium chloride and silver chloride, a solution of 
potassium nitrate being interposed to prevent direct precipitation. 
This cell has an electromotive force of ’SI V, the silver chloride side 
being anode. If the current is allowed to pass through the cell, at 
the anode silver becomes silver chloride, while metallic silver separates 
at the kathode. At the same time, potassium ion migrates to the 
kathode, and nitrate ion in the opposite direction , they form potassium 
nitrate in the middle vessel. The only result is, since the quantity 
of silver which unites with chlorine on the one side is equal to the 
quantity separated at the other, the diminution of the concentration 
of silver nitrate and potassium chloride with formation of silver 
chloride and potassium nitrate, ie. just as if silver nitrate and 
potassium chloride had been brought into dnect contact 

Any precipitation reaction can be dealt with in the same way, 
provided that the metal of the precipitate can be employed as an 
electrode.^ 

A further conclusion may be drawn from the observed electro- 
motive force of ‘SI V. Since the cell is a concentration cell with 
the same metal as both electrodes, P^ = P.^, and since ii = 1, the equation 

becomes •51 = '000198T log™ The only unknown is p^, since the 

silver nitrate solution was 1/10 normal. If the pressure p^ be put 
= T (the unit does not matter, since wo have in the formula 
the ratio of two pressures), we have, since 0001 98T= 0676, 

lu coucentratod solutions the meicuroiis ion must be leiuesented, partially at least, as 
bivalent Hgo This has uoelleot in the present instance, since the valency of the kation 

fulls out of the fimsl equation. 

There are special deviees ■which get ihl of this hiuitation, electrodes of the 
“third kind” {Luther, 1898). 
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log Pa = - 9 '86, i.e pj= 1-4 x 10 This is the solubility of silver 
chloride ui the In potassium chloride. To find the solubility I, in 
pure water, we use the law of the constancy of the product of the 
two ionic concentrations, Z'^=l x 1-4 x lO'^, whence Z=T2 x 10 
The solubility of silver chloride was found by the conductivity 
method (p. 409) to be T06“x 10~® mols in 1 litre 

The solubility of sparingly soluble salts can generally be 
found in the same way. Smaller solubilities can be measured by this 
process than by any other, since the electromotive force increases 
as the logarithm of the dilution ; and in fact there is no limit to the 
method. Finite values are found in all cases (Groodwin, 1894), a 
proof that there is no really insoluble salt. For such would 
give infinitely great electromotive force, as may be seen from the 
equation when pj = o. 

Complex Electrolytes. — A second method of reducing the concen- 
tration of metal ion in an electrolyte is to apply a reagent which 
converts the ion into a complex compound. As the osmotic 
pressure acting against the solution of metal in the cell is exercised 
only by its own ion, and not by any other compound which may 
contain it, it is possible for solutions which contain large amounts of 
the metal to givo potentials which correspond to extremely small 
ionic oonoentratiouB. 

These phenomena are most strikingly shown by cells in which 
potassium cyanide is an electrolyte. Alkali cyanide forms complex 
compounds with very many heavy metals, which are present as a 
constituent of the anion. Potassium ferrocyanide and ferricyanide, 
potassium silver cyanide, potassium gold cyanide, the platinocyanides, 
etc., may he cited as examples. Observations on the migTation 
phenomena have proved that in all these compounds the heavy metal 
does not migrate to the kathode but to the anode during electrolysis; 
it is therefore a constituent of the anion. The complex ammonia 
derivatives of cobalt, platinam, copper and silver are similar, except 
that the metal migrates to the kathode, as it is part of a complex 
katiori Still their complex nature is shown by the fact that they 
do not give the usual reactions of the metal ions. 

The abnormal solubility of sparingly soluble salts in a reagent is 
generally satisfactory evidence of the formation of complex compounds. 
When silver chloride dissolves in ammonia, it can only he that one of 
the ions of silver chloride has disappeared from the solution As this 
IS excluded so far as chloride ion is concerned, it must be the silver 
ion, and equilibrium thus leads to the conclusion that silver ion is 
present only in very'small amount in ammonia solutions of silver salts. 

The concentration of metallic ion in solution can only be affected 
m one way by the formation of complexes, that is, diminution. 
Such substances always make a metal more anodic, never more 
kathodic. This was empirically known long before the theory of it. 
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The alteration is often very great, Jacobi (1846) observed that 
the poles wore reversed in a cell with silver in strong solution of 
potassium cyanide and zinc in zme sulphate ; zinc was kathode and 
silver anode. If the circuit is closed, metallic zinc is displaced by 
the silver which goes into solution 

The concGutration of metal ion in the complex solution can be 
calculated from the electromotive force of a cell comprising such an 
electrode and one of the same metal in a solution of an ordinary salt. 
The calculation is exactly the same as for the solubility of an 
" insoluble ’’ salt (p. 448). The results show that though the concen- 
tration may be extraordinarily small, it never becomes zero, for the 
electromotive force, large as it is in some instances, does not become 
infinitely great, as it should if the concentration became zero. 

For example, a Tn potassium cyanide solution, which contained '01 
mol silver, against a 'Oln normal silver nitrate solution, gave 1T4 V, 
whence the concentration of silver ion is 2 x 10"^® mol in a litre. 

Combining these results with those on p. 448, we are led to the 
following conclusion. The foimatiou of an “insoluble" salt dis- 
places the potential to the anode side, corresponding to its solubility. 
Such a salt dissolves under certain circumstances in a reagent, in which 
the metallic ion goes into a complex compound. For this to occur, the 
concentration of ion in the complex solution must be smaller than 
in a saturated solution of the sparingly soluble salt. The potential 
must also be more anodic than in the presence of the “ insoluble ” salt ; 
and thus the potentials must stand in direct relationship to 
the solubilities. 

Thus, all silver salts, except the sulphide, dissolve in potassium 
cyanide solution , their solutions must contain more silver ion than 
the silver cyanide solution, and the corresponding electrode must 
be less anodic. 

Silver chloride and bromide dissolve in sodium thiosulphate, but 
silver iodide scarcely does so ; silver chloride dissolves in ammonia, 
bromide and iodide scarcely at all. The concentration of silver ion 
must increase in the following order sulphide, cyanide, iodide, 
thiosulphate, hromide, ammonia compound, chloride. The electro- 
motive force against a silver electrode in silver nitrate must decrease 
in the same order, as is shown by the following measurements. 


Silver nitrate (Tn) — Sodium sulphide T36 V 

Silver iodide in potassium cyanide 1'31 „ 

„ in potassium iodide ‘91 „ 

Silver bromide in sodium thiosulphate ‘84 „ 

„ in potassium bromide '64 ,, 

Silver chloride in ammonia -54 „ 

„ in iiotassium chloride -61 „ 


The solutions were normal and contained a little silver. 
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It IB apprirent from these measurements that the chemical process 
of forming complex ions can he utilised for the production of electrical 
energy, and also that the chemical potential of these re- 
actions can be determined electrometrically. After this 
treatment of the changes of concentration effected by simple dilution 
and by the precipitation of “insoluble” salts, there now remain 
only oxidation and reduction as possible ionic reactions to complete 
the thesis that any ionic reaction can he utilised for the 
production of an electrical potential. 

0as Cells.- — The cells to be now considered are also concentra- 
tion cells. Still they present certain peculiarities which demand 
separate treatment. 

As stated on a previous occasion, the terms oxidation and 
reduction have been extended to include processes which are 
traditionally m this category, although oxygen or hydrogen have 
nothing to do with them directly. It was shown there that increase 
of positive or decrease of negative charges must be regarded as the 
essential characteristic of a substance which is oxidised, and increase 
of negative or decrease of positive charges for oxidising substances. 
As free electricity cannot exist in a solution, such a change cannot 
occur without the opposite change on some other substance, i e. no 
oxidation can take place without a simultaneous reduction, and 
conversely. A process of this kind can always be imagined in the 
reverse direction. A substance which has served as a reducing agent 
by having taken up positive charges, is now in a position to act as 
an oxidising agent by giving up these positive charges to another 
substance. An equilibrium will in general result between the sub- 
stances which change their charges ; these may eventually suffer other 
chemical changes, after the original substances have so far diminished 
m concentration, and the resulting substances increased so far, that 
the two opposing reactions balance each other. 

For this process to be e'ieetrically active, the substances must be 
kept apart, and it must be possible for the electric charges which 
correspond to the conditions to equalise themselves. In the above 
cells with electrodes whose metals took part in the chemical 
reactions, both these functions were fulfilled by the metals. The 
zinc of the Daniell cell provides not only zinc ion, but also for the 
conduction of the necessary positive charges. If the chemical pro- 
cess takes place between substances which are m solution, a special 
electrode must be introduced whose sole function is to conduct 
the electricity. Such a metal should not react to any marked extent 
with the electrolyte. Platinum is chiefly used, hut other metals may 
be used according to the nature of the reaction at the electrode, or 
even other conductors of the first class. 

A very simple cell of this kind consists of any acid as electrolyte, 
and two platinum plates charged with hydrogen. If both plates are 
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equally charged with gas the arrangement is symmetrical, and there 
is no electromotive force, but if the pressures of hydrogen on the 
two sides are unequal, an electromotive force will result. The 
current will tend to equalise the difference of pressure ; the gas will 
disappear at the place of greater pressure, rand gas will be formed at 
the other place. In other words, the hydrogen under the greater 
pressure will be the anode. 

A cell of this kind may be regarded as a concentration cell with 
electrodes of metallic hydrogen. The solution pressure will vary 
directly as the gas pressure, while the osmotic pressure of hydrion in 
the electrolyte is the same on both sides. The tendency of the 
hydrogen to ionise must be greater at the electrode with the more 
concentrated hydrogen, i.e. the more strongly compressed hydrogen 
is anodic to the other. 

The arrangement in this cell is different from the previous 
concentration cells, in which the osmotic pressure varied, and the 
solution pressure of the electrode metal was constant Here the 
former is constant and the solution pressure varies. Ordinary cells 
of this type can bo constructed by using amalgams m place of pure 
metals as electrodes. If two amalgams of different concentration are 
placed in the same electrolyte and are connected together, an electro- 
motive force is obtained, the richer amalgam losing metal and the 
other gaining it. The former is therefore anode and the lattm’ 
kathode, just as in the hydrogen cell. 

The electromotive force can be calculated, if the work is taken 
into account, equally well for the gaseous hydrogen as for the 
dissolved hydrogen, on the assumption that the electrodes contain a 
store of gas at the pressures obtaining on each side. 

If 1 mol hydrogen under the pressure disappears, the same 
amount appears at the other side under the smaller pressure qj, and 
the work which can bo isothernially obtained is RT Ig (qj/q^). The 
ipiaiitity of electricity, since the gas ha's the formula Hj («.«. the 
work ET refers to 2‘02 g. hydrogen), is 2F, and the electromotive 
force 




To apply the osmotic theory to this cell, attention must be paid 
to a point which did not arise before If a metal electrode goes into 
ion the work which is available is to be placed to the account of 
the ions, since the volume change of the metal is negligibly small. 
It is different if the transformation takes place in substances which 
are dissolved in the electrolyte. If these become ions the osmotic 
work due to their disappearance must be taken account of, just as in 
the production of ions. The two are-not, as a rule, 'equivalent, since 
the number of mols changes during the transformation. Thus one mol 
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of hydrogen Hg gives two mols of hydrion H’, one mol of oxygen in 
conjunction with water gives four mols of hydroxidion ; 

Oj + 2 H 2 O = 40H'. 

To formulate the process in such a cell we have m^ mols of neutral 
substance disappearing at the anode, and % mols of ion formed : at 
the kathode mols disappear, and n^ mols of ion are formed. 
The quantity of electricity which passes through the cell is sF, s is 
the product of the numbers n and the valency of the ions concerned. 
The equation then is, 

’r = 0 + ^(m^lgPi - %lgPi -m^lgPj + nglg p^) 


„ ETA Pi“x , P,”'^ 

or . ’^ = 0 + -^(;ig^-lgp~) 

where P^ and P^ are the osmotic pressures of the neutral substances, 
p^ and P 2 of the kations ^ , 0 is a constant which is a function of the 
temperature and of the chemical nature of the substances. 

The proof of this formula is based on the same principles as the 
simpler formula on p. 452, but as its development turns on minute 
details, it may be omitted here. The value of C will be obtained 
immediately from a simple point of view 

If this formula is applied to the foregoing cell the osmotic 
pressures of hydrion are equal, p^ = p^. The osmotic pressures of the 
dissolved neutral hydrogen is, according to Henry’s law, proportional 
to the gas pressure; Pj/P^ is thus equal to qi/qj. To obtain 0, 
make the gas pressures equal; the cell becomes symmetrical, and 
ir = 0. At the same time the logarithmic term becomes 1, the 
logarithm therefore 0, and 0 = 0. Since C does not depend on the 
concentration, this is its value for cells with different pressures. 
Finally s = 2, m^ = mj = 1, Uj = Og = 2 ; on substituting these in the 

equation we get tt = ^ *<1^® earlier equation. 

The same result is obtained as was obtained before on the basis 
of direct considerations with practically no calculations. The fuller 
formula is not superfluous, as we shall soon come to cases where the 
simpler method fails and the general formula has to be used. 

Hitherto the above relations have not been tested experi- 
mentally in this simple form. Grove, the discoverer of gas cells 
(1839), noticed that a cell with nitrogen on one side and hydrogen 
on the other gave an electromotive force and a current, in which 
hydrogen was the anode. Since nitrogen has been proved to take no 
part in producing a current, this was a hydrogen cell, the partial 
pressure of hydrogen on the nitrogen side being very small. 

^ If Pi or P2 I'olate to anions, the + sign must lie revorsed owing to the reversed 
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The arrangement of such cells is shown in Tig. 64 The platinum 
electrodes should be covered with platinum black ; they then absorb 
much more gas and the cells are more constant. The active part of 
the gas is that on the electrode. 

A concentration cell of the usual typ^.is obtained by having two 
hydrogen electrodes of the same pressure in two electrolytes of 
different hydrion concentration. The electrode will be more anodic 
the more dilute the solution of hydrion is, and their potentials will be 
the same when the hydrion concentrations are equal, whatever anion 
be present. All these con- 
clusions have been satis- 
factorily confirmed (Smale, 
1894). 

The same considera- 
tions apply in the case of 
an oxygen electrode. The 
simplest view taken of a 
platinum electrode satur- 
ated with oxygen gas is 
that it can form hydroxid- 
ion Hydroxyl solutions, 
i e. alkaline liquids are the 
appropriate electrolytes. 
The iiossibilities need not 
be 'repeated, they are the 
same as for hydrogen elec- 
Pn. 01. trodos The only differ- 

ence IS that 1 mol of 
oxygen, 0,, with water gives 4 mols of hydroxidion, OH', and gives 
four negative units, so that in the equation n = 4 , the sign of the 
potential is also reversed. 

The Neutralisation Cell. — There is a particular cell which engaged 
the attention of Becquerel long ago (1823). It consists of two 
hydrogen or oxygon electrodes at equal pressure, the one in acid the 
other in alkali. The electrolytes are separated by an indifferent 
liquid, e.g. the neutral salt. The electromotive force is considerable, 
reaching ‘76 V for normal solutions. The same voltage is obtained 
whether the electrodes are oxygen or hydrogen. The alkali electrode 
IS always the anode. 

We will consider the hydrogen electrode, after which the oxygon 
electrode will present no difficulty. At first sight ^hydrogen in alkali 
should have an infinitely large potential, since hyd'roxidion is present 
in large excess, so that hydrion might be thought to be entirely 
absent, having combined with hydroxidion to form water. But if we 
consider that increase of hydroxidion pn the sohftion can diminish 
hydrion, but never make it entirely disappear, the result is obvious. 
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The two concentrations are connected by the equation ho = kc, h and 
0 being the concentrations of hydrion and hydroxidion, c that of 
water. The latter is constant ; consequently the product ho must be 
constant in all aqueous solutions.’- 

We have therefore a -.concentration cell, in which the hydrion 
concentration on the alkali side is reduced to a very small amount by 
the presence of hydroxidion, whence the electromotive force is fairly 
large. 

The electromotive force obviously depends on the dissociation 
constant of water ; and k can, conversely, be calculated from it. It 
13 carried out exactly as on p. 454, for in the formula 




since Pj = P2, and for hydrion, whose concentration alone is con- 
cerned, n = 1, 

06771og| 

Eemembenng that the potential at the contact of an acid and a base 
is ‘065 V (Nernst, 1894) we obtain for the concentration of 
hydrion in normal alkali -6 x 10"’+ The product ho has the same 
value, and, denoting the concentration of hydrion and hydroxidion 
in pure water by a, a® = ho= -6 x lO"’*, whence a='8xl0"’’, t.e. 
1 mol H' and OH' in about 10,000,000 litres. The dissociation 
constant of water was first obtained by Ostwald (1893) in this 
way ; the result agrees well with the values obtained in other ways 
{e.g. conductivity, p. 404) 

The same applies to the corresponding oxygen cell. The solution 
pressures disappear as the gas pressures are the same, and the 
circumstance that 1 mol oxygen gives rise to 4 mols of hydroxidion 
has no special influence. » 

If the process in this cell is more closely looked into, it is soon 
to be an electromotive application of the process of neutralisation. 
Consider the hydrogen cell again, and let 2P be sent through it. 
One mol hydrogen disappears at the anode, and the same amount is 
evolved at the kathode ; no gas has been used up. At the same time 
one mol of water has been formed at the anode, the hydrion sent out 
from the electrode uniting with hydroxidion. At the kathode the 
same amount of hydrion has disappeared to become gas. The kation 
on the basic side, and the anion on the acid side have migrated to- 
wards each other, 'and have formed the mixture which w'e call the 

^ Strictly, 0 la not the same lu all solutions, hut decreases as foreign suhstanoes are 
dissolved in the water The vapour pressure is the measure of the active mass of 
water, and it is diuwiished by dissolving other substances in it. But for normal 
solutions of an electrolyte tho decrease is only 2 or 3 per cent, and may be neglected 
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neutral salt of the two constituents. The content of base and acid 
has decreased by two equivalents, and the corresponding amount of 
neutral salt has been formed, while the gas has played the role of 
intermediary and has gained or lost no work. The cell is thus 
essentially a neutralisation or salt-forming^cell. 

The earlier measurements of the aeid-alkali cell were made before 
the presence of gases was known to be necessary. But by working 
with platinum electrodes in air there is always enough free oxygen 
on the electrodes to give the right conditions, for the first few 
moments at least. 

The Oxygen-Hydrogen Cell. — The oX 3 fgen-hydrogen cell has been 
longest known of all the gas cells. It consists of the two gases 
in ooniunetion with any electrolyte. It gives a constant electro- 
motive force of 1'06 V at 17° 0 and atmospheric pressure, and is 
independent of the nature or concentration of the (dilute) 
electrolyte. The potentials at the electrodes may differ con- 
siderably, but the sum is constant If the cell is closed, both 
gases disappear with formation of hydrion and hydroxidioii at the 
eleclrodos. If the electrolyte is an acid, it increases at the anode, 
and diminishes at the kathode; with a basic liquid the converse 
holds. If the electrolyte is neutral, it becomes acid at the anode, 
basic at the kathode. 

This shows that we have here the simplest type of an oxidation 
and reduction cell (p. 451), for the reducing agent is completely 
changed to hydrion, and the oxidising agent tp hydroxidion. 

The exact behaviour of the cell is realised when the general 
formula of p. 463 is ap]ilied. In 


„ HT/', 


s = 4, nij = 2, iq = 4, nij = 1, = 4 ; and Pg are constant for given 

values of temperature and pressure , the ^ign of the second term of 


the equation is + , since oxygon forms an anion. Further, from the 
dissociation equation for watei p,pj = constant. When these are 
substituted in the equation, the whole expression within the brackets 
becomes constant, and with it the electromotive force, provided 
dilute aqueous solutions are used as the elect! olyte 

If the pressure of the two gases is changed, tt changes too, being 
larger with increased pressure of either gas. But they are not 
affected to the same extent, the effect on hydrogen being double that 
on oxygen. All these results of the equation haye been confirmed 
by experiment (Sinale, 1894). 

Oxidation and Ueduction Cells.-— These considerations give also 
the general theory of oxidation and reduction cells, composed of two 
unatbackable electrodes and an axidising and a redhoing agent. For 
reducing agents in general can be represented as substances which 
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tend to form hydnon, and oxidising agents those whieh tend to form 
hydroxidion ; and as these tendencies in the gases vary with the 
pressure, any oxidising agent may be imagined to be replaced by 
oxygen under the appropriate pressure. The same holds for 
hydrogen and reducing agents. The pressures, indeed, soon become 
impossible, for the electrical potential increases as the logarithm of 
the jiressure, which therefore will have to increase in geometrical 
ratio if the potential increases in arithmetical ratio. But theoretically 
the above equation can be applied to all cells whose electrodes 
consist of reducing and oxidising agents of any kind. 

The equation also shows that the electromotive effect of these 
substances depends on the osmotic pressure of the ions which are 
formed in the process. The potential of a ferrous salt as a reducing 
agent will be affected by the concentration of ferric ion in the 
solution ; increase of it will cause a fall in the anode potential and a 
weakening of the cell Any means which will reduce the concentration 
of ferric ion, will increase the potential. Fluorides are such agents. 
The fluorides of trivalent metals are very slightly ionised ; addition 
of potassium fluoride to an iron solution causes the disappearance of 
the greater part of the ferric ion, and the anode potential to rise. 
This effect is' easily observed , moderate additions of apparently 
indifferent substances may raise the potential of such, an electrode to 
the extent of 7 V (Peters, 1898) 

A generalisation from these relations is obvious. Any reducing 
agent will show a stronger reducing action in alkaline solution, because 
the opposing hydrion concentration is smallest in alkaline solution. 
Conversely acid reaction strengthens the oxidising action ’ of an 
oxidising agent. If the chemical reaction is the same in acid and in 
alkaline solution, the difference is already known ; it is m x ‘76 
(p. 464) where m is the change of concentration of H‘ for IP according 
to, the chemical equation ^Luther, 1899) , the differences actually 
observed are smaller than this. From this it appears that the 
transformations of hydrogen and oxygen into their ions are the only 
reactions which do not essentially change in any way by the change 
from acid to alkaline reaction. 

Practical Importance. — Cells of this kind are particularly interest- 
ing because they hold out the promise of a better utilisation of 
chemical energy for technical purposes than has ever been attained 
in the steam engine. The heat of combustion of “ knall-gas ” is 
286 kj. ; this divided by 2F gives 1'48 V, the electromotive force of 
the gas cell if the chemical energy is completely transformed into 
electrical energy. The actual value is 1‘06 V ; 72 per cent of the 
heat is utilised, whereas the steam engine seldom gives more than 15 
per cent The ratio would be similar if other combustible material 
such as coal or the easily prepared generator gas could be substituted 
for hydrogen The technical realisation of this idea has failed 



458 OUTLINES OF OENEEAL OIIEMI&TEY BOOK IV 

hitherto, beciwise the chemical processes m these cells proceed so 
slowly at ordinary temperature that the dimotisions of an apparatus 
to yield moderate ipmntities of energy would he enormous, There 
are two ways out of the difficulty. Suitable catalytic accelerators 
may be discovered which wdll make th« velocity of the process 
sufficiently great at ordinary temperature. Or, as the velocity 
is increased by raising the temperature, a cell might he constructed 
to work at higher temperatures. If this is once reached, it would be 
kept hot by the J oule’s heat m the cell, and, of course, the more 
easily the larger the installation 

Up to the present the experiments made to overcome the difficulty 
have gone in both these directions, although sometimes unintention- 
ally so The success achieved so far leaves us no room to imagine 
that a developable form has been found. 

Volta’s Theory of the Cell. — ^Volta had attempted to resolve 
the electromotive force at the terminals of his pile into the single 
potentials, and was led by his experiments, which we now know 
were erroneous, to the following representation. In the series — 
copiier, zinc, moist conductor, copper — which shows an electromotive 
force between the end plates, the first copper being negative, the 
latter positive, the chief jiart of the jiotential is between the two 
metals, since copper in contact with zinc is negative, the latter metal 
therefore positive.^ There are potentials between the metals and 
the moist conductor, but they are small, and in particular become 
zero when water or neutral salts are employedT. 

The fact that the electrometer gives no indication, when the two 
metals are simply placed in contact, was explained by Volta on the 
basis of his law of series of potential. It runs that the potential 
between two metals remains the same when any number of metals 
are interposed. In other words, the sum of the potentials at the 
contacts of any series of metals is the same as that between the end 
metals of the series in direct contact. Sfhee the parts of an electro- 
meter which give the indication consist of metallic parts of the same 
material the potential between these jiarts {eg. two gold leaves) will, 
according to this law, he zero however many metals in any order 
whatsoever are connected with them, and the electrometer will give 
no indication. 

But if a moist conductor is introduced between two different 
metals, there are no potentials at these points, and the electrometer 
will show the potential difference of the metals. 

Suppose the cell to contain, for exam23le, zinc and gold and to 
be connected by gold wires with a gold leaf electrometer. Accord- 
ing to Volta there is a potential at the contact between the zinc and 
gold, this is counterbalanced by the potential at the contact in 
reverse order This holds if any other metal is inserted. 

’ From tins copper used to he called the negative metal and iiuc the positive metal. 
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If a moist conductor is laid between gold and jnno at one of the 
contacts, conduction will take place without the introduction of any 
new potential in the circuit. The electrometer shows a positive 
swing on the aide where the gold leaf is in metallic connexion with 
the zinc. , 

This representation gives a formally satisfactory account of 
potentials, but it can give no answer to the question which arose half 
a century later as to the source of electrical energy. This could 
be proved to be undoubtedly the chemical process, which could occur 
between metal and moist conductor, but not between metal and 
metal. 

In a dim fashion this contradiction was known to the contem- 
poraries of Volta, and Eitter’s discovery (1798) that the potential 
series of metals in Volta’s sense is the same as the series of 
oxidisability, or chemical affinity for oxygen, gave the “chemical 
theory ” of the cell a definite foundation. 

As a matter of fact, the same results are obtained on the converse 
assumption, i.e. that there is no potential at the contacts of metals, 
but only at the contacts with moist conductors. Any series of metals 
gives, then, no potential, and the electrometer remains unaffected when 
connected with a purely metallic series. If a moist conductor is 
introduced, there result at the two contacts of the metals with it 
two potentials whose difference acts on the electrometer. According 
to this view the zinc is negative to the moist conductor and the 
copper positive. Onlyr those metals affect the potential which are 
in immediate contact with the moist conductor, since potentials can 
only arise here. The other metals in the circuit have no effect 
at aU. 

Both theories can explain the same series of facts (especially if 
air IS considered a moist conductor, although of very small conduc- 
tivity). This circumstance, that each isolated fact could be explained 
in both ways, was the cans® of the long contest between tho contact 
theory and the chemical theory of tho voltaic cell. 

Single Potentials. — Mercury. — The close connexion between 
chemical and electrical energy is now recognised, and it is clear that 
the electrical energy, manifested as electromotive force, can only arise 
in chemical processes. There is thus very great probability that the 
potentials also are located at the contacts of metal and electrolyte. 
Still it IS always possible to save the contact theory by artificial ad 
hoc assumptions. Independent proof of the potentials would be of 
great significance. 

The cause of this uncertainty is that even the simplest cell has 
three different points of contact, and potential differences may arise 
at any or all of them. Other cells can be constructed with the same 
substances, but -uH- attempts fio calcnlate any single potential from 
measurements made on all possible arrangements of a definite number 
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of substances fail, for there is always one equation too few; an 
arbitrary value can therefore be assigned to any one potential with- 
out contradiction. The struggle between the two theories lasted so 
long, because each of them had to make one assumption, and it was 
impossible to formally prove either assumption to be wrong. 

The problem, then, was to find a datum regarding one of the 
potentials in some other independent manner. At present there is 
one single independent process, and this settles the question in favour 
of the chemical theory. A second process is highly desirable to 
eliminate as far as possible errors in interpretation of the results of 
the first process, but no one has yet been successful in finding one 
free from objections. 

This process depends on the following facts. A drop of mercury 
under an electrolyte has a definite surface-tension which changes 
when the electrical potential between the liquid and the mercury 
is changed. The surface-tension of mercury in sulphuric acid de- 
creases when anodically polarised; this cannot be carried far, because 
electrolysis soon begins, and the mercury becomes coated with mer- 
curous sulphate. If the mercury is kathodically polarised the 
surface-tension gradually increases, reaches a maximum at about 
'9 V and then again decreases. Bubbles of hydrogen gas, due to 
decomposition of sulphuric acid, do not begin to come ofl’ until 
the surface-tension has decreased to a moderate extent. 

To change the potential between mercury and sulphuric acid in 
a manner adapted to measurement, a very Targe and a very small 
mercury surface are placed in contact with the sulphuric acid If a 
definite electrical potential is applied to the two masses of mercury, 
it is divided between the two in inverse ratio of the surfaces, and 
the change practically affects only the small surface 

Since in general the mercury-sulphuric acid interface is the seat 
of an electrical potential difference, electrical energy is accumulated 
there, just as on the two coatings of a Leyden-jar, between which a 
potential difference has been established. This energy acts as a kind 
of surface energy, the surface tending to change, and according to 
electrostatics, it strives to extend, since this is connected with a 
decrease of potential. The electric charge acts against the 
surface-tension, which strives to reduce the surface, and the 
observed surface-tension is the difference of the two effects. 

The following behaviour is a direct consequence of what has been 
already said. If the surface-tension is determined for any given 
electrical potential at the interface, any alteration- in the latter which 
increases the surface-tension must consist in a reduction of the 
ditferenoc of electrical potential in the siu'face. If the alteration 
is carried still further in the same direction, the electrical charge will 
finally become zero. At this pbint the surface-tension has its highest 
value, for if the electrical condition is altered still further in the 
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same direction, a charge is again produced Although it now has 
the different sign, it still retains the property of reducing the surface- 
tension which must again begin to diminish. This is confirmed by 
experiment, hence the conclusion; the difference of electrical 
potential at the int6rf,ace is zero when the surface-tension 
has its greatest value. 

Since this condition results when a potential difference of '9 V is 
applied to mercury in sulphuric acid (saturated with mercurous 
sulphate),^ the conclusion is arrived at that the potential difference 
which is spontaneously established between mercury and sulphuric 
acid has this value with the opposite sign. Since the applied potential 
was kathodic, the liquid is made more positive when the difference is 
compensated, therefore under natural conditions the mercury 
is ‘9 V more positive than the liquid. 

Other Metals. — The potential between mercury and any other 
electrolyte can be determined in the same manner. The electrolyte 
must have a definite concentration of mercurous ion if the potential is 
to he accurately defined , since most mercurous salts are sparingly 
soluble, the saturated solution of the particular salt is suitably 
employed. 

If such a mercury electrode is connected with another metal in 
its electrolyte, the two liquids being in contact, a cell is formed 
whose electromotive force can be measured. Subtraction of the 
known value for the morcui-y electrode gives the potential between 
the metal and the electrolyte. This gives a method of determining 
all other single potentials. 

Two assumptions are here made, that the potential between the 
two electrolytes, and that between the two metals are either zero 
or very small. The former can be calculated m certain cases (Nernst, 
1889 ; Planck, 1890) from considerations, the principles of which are 
well understood, and it is always possible to so arrange the experiment 
that the calculation can bo»made. It is found that in many instances 
these potentials do not exceed '01 V, and can easily be reduced to 
still smaller amounts. 

There are substantial grounds for the belief that the potentials 
between metals are very small, if not quite zero. It is justifiable, 
therefore, to neglect both of these potentials, and to consider the 
electromotive force of the cell as the sum of the two potentials at 
the electrodes. 

Normal Electrode — A “ normal electrode,” which is easily repro- 
ducible, is used in, the determination of single potentials. It consists 
of mercury with mercurous chloride in normal solution of potassium 
chloride saturated with mercurous chloride Apart from the fact 
that the potential difference between the metal and the electrolyte is 
known (as explailied above), measurements of potential of any single 

1 The value varieii to some extent ivith the coneentration of the sulphuric acid. 
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electrode can be made in terms of such a normal electrode , the 
results are better defined than the previous usual measurements of 
the total oloctromotivo force of a cell. 

The construction of a normal electrode is shown in Tig. 65. The 
rubber tube, closed by 
a spring clip, is filled 
with the potassium 
chloride solution, and 
allows the electrode to 
be conveniently con- 
nected with the other 
electrode. The poten- 
tial between mercury 
and the solution is 
0'66 V ; the mercury 
is positive to the 
liquid, and the liquid 
is negative to the 
metal. 

The Potential 
Series of Metals. — ^The potential between a metal and its electrolyte 
is dependent on the concentration of its ion in the electrolyte, as 
appears from the formula on p. 446 In the following table the 
solutions are normal; the ionic concentration is smaller than this, 
about '6 to ’8 normal, because of incomplete^ ionisation. The sign 
gives the potential of the electrolyte, if that of the metal is put as 
zero. 
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Hydrogen 
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Antimony 
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•82 

BisniutU * 

Zinc . 

•51 
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Cadiiimm . 
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Thallium . 
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Iron . 
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Cobalt 
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Palladium 

Kiokol 

•02 

PUtiiinm *' 

Tiu * . 

•09 

Cold-* 

Load 
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- 2S 


DD 
59 
I'OS 
1 06 
1'07 
1'14 
I'Sfi 


The values for the metals marked with an asterisk are approxi- 
mate, as solutions cannot be prepared of known ionic concentration. 

We see in this table the old potential series of Volta, Eitter 
and Berzelius, only in a more definite form. T^e significance of 
the above potentials is that they ai’e a measure of the chemical 
affinity of the metals, or their tendency to form ions, ie. to form salts. 
Any metal with a greater positiv* value displaces tbdse with smaller 
potential from their salts, itself going into the ionic state. 



VOLTAIC CELLS 


463 


At the same time this series only holds for comparable ionic 
concentrations. The ratios are different in electrolytes which form 
complex compounds of the metal, as is evident from the abnormal 
potentials of the metal in these circumstances (p 460). If the ionic 
concentrations are known from other experiments, e.g. from solubility 
determinations (p. 409) thh chemical behaviour of the metals can be 
predicted. 

Comparison of these potentials with the table of heats of formation 
of the ions (p 277) is interesting. The two series are in the same direc- 
tion, but are by no means proportional to each other. The chemical 
energy is by no means completely converted into electrical energy in 
the process of ionisation; the differences are in both directions. If 
these differences did not exist, cells with metal electrodes would be 
independent of temperature (p. 434) which is not found to be the oase.^ 
The Potential Series of Oxidising and Eeducing Agents. — A 
potential series of oxidising and reducing agents may be appended to 
the series of metals , they are obtamed m the same way as the metal 
potentials. They refer to the reagents as usually prepared. Since 
there is no definite concentration of the product of reaction present, 
the conditions are not accurately definite ; still they will give a general 
idea of the values. The sign is the same as in the previous table, it 
indicates the potential of the liquid when the metal potential is put 
as zero. 


Stannous chloride in alkali 

+ 30 

Sodium bisulphite 

-•66 

Sodium sulphide . '. 

•09 

Sulphur 

)U8 acid 

72 

Hydroxylamins m alkali 

•06 

Ferrous 

sulphate, aeid 

■78 

Ohromous acetate m alkali , 

•03 

Potassium forno oxalato . 

■86 

Pyrogallol in alkali 

- 08 

Iodine i 

potassium iodide 

•80 

Hydroquinone m alkali 

23 

Potassui 

m terrieyamdo . 

•98 

Hydrogen 

•25 

Potassium bioliromate 

1'06 

Zinc hydiosulphito 

•28 

Potassium mtotc 

1-14 

Potassium feirous oxalate . 

•29 

Chlorine 

in alkali . 

1 19 

Potassium forrrooyanide in alkal? 

48 

Feme chloride 

1 24 

lodms in alkali . 

•49 

Hitrio aoid 

1'26 

Stannous ohlc tide, aoid 

•60 

Biomine 

in alkali . 

1 32 

Potassium araenite 

51 

Chromio 


1-40 

Cuprous ohloiido . 

66 

Chloric axjid 

1^42 

Sodium tluoaulphate . 

•58 

Bromine 

in potassium bromide 

1 43 

Sodium sulphite . 

•58 

Potaaaiu 

m lodate 

1 49 

Potassium ferroeyamde 

•69 

M.'iiigau 

36 pero.xide 

1 63 

PeiTous sulphate, neutral 

63 

Chlorine 


1'87 

Hydroxylaniine, aoid 

•64 

Potassui 

ni permanganate . 

1 76 


^ The determiiifttion of the heat of ionisation is based on measurement of the heat 
effect at the electrodes during the formation or transfoimation of ions These are 
affected by the heat effects due to the differences of electrical potential ; knoi«Iedge of 
this gives the possibility of calculating the heats of ionisation. 



CHAPTER XIX 

ELECTROLYSIS ANO POLARISATION 

General. — When an electric current enters or leaves an electrolyte, 
a chemical process, which primarily consists of the formation of ions 
from neutral substances, or the conversion of ions into neutral 
substances, or a change in the number of ionic charges, necessarily 
tabes place at the electrode. There may be other secondary 
processes which will vary with the nature of the substances 
employed and with the circumstances of each case. 

This primary process is necessary, because electricity can only 
move in an electrolyte in conjunction with ions, while outside it, 
it is independent of ions At the boundary surface there must he a 
process which consists in the transference of electric charges. 

These processes are not primarily dependent on the nature of 
the conductor which forms the boundary of the electrolyte. In 
particular, metallic electrodes are not a necessity, for Davy showed 
that the chemical process at the boundary did not cease when 
a current passed from the electrolyte into air (by means of a brush 
discharge). 

The process is known as electrolysis. Both changes of energy 
and of material have to be taken into consideration. 

Deposition of Metal. — The simplest material change is that 
which occurs when the ions which have brought the electricity to 
the electrodes lose their charges and pass into the neutral state 
without changing in composition. This is frequently the case 
with salts of heavy metals, which deposit metal at the kathode. 
The metal is generally coherent, so that the process finds extended 
application in reproducing objects in metal, and in depositing a 
metal covering on objects, processes known as galvanoplastics and 
electroplating. 

For these arts it is of importance to obtain the metal in a smooth, 
coherent form. This is effected by mechanical means, the surface 
being made as smooth and as even as possible to begin with, and 
inequalities prevented during Reposition by mechanical polishing. 
If an inequality is once formed, it affords a shorter passage for the 
464 
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current between it and the anode, and will continue to grow m 
consequence of the increased deposition of metal there. 

There are also chemical influences, for small alterations of the 
bath often entirely change the character of the deposit. The 
reasons for this are only partially known. Frequently it is the 
simultaneous separation of non-metallic products of electrolysis (gases, 
oxides, etc ) which cause bad deposits , additions to the bath which 
prevent this will improve the deposit. There is also the hitherto 
unexplained fact that deposition from complex salts, in which the 
concentration of the metal ion is very small, generally gives a 
much smoother covering than do ordinary salts. Gold and silver 
are examples. 

Mixed Solutions. — If -several metals are present in a solution 
they will be deposited in the order given by the table on p. 462. 
Those whose anodic nature, or tendency to form ions, is small will 
come out first, and the others will follow in the order of their 
tendency The potential of a metal to its solution varies with the 
concentration of its ion, but as a diminution of the latter to 1/1 000, 
which is the limit of most analytical methods, only makes a 
difference of ‘08 V in the case of a bivalent metal, it is evident that 
two metals can be separated whose potentials in equally strong 
solutions do not differ by more than about T V. 

The order is changed if the metals are in complex solutions, for 
the metal is more anodic the more dilute the metal ion is in the 
complex solution. Tho analogous complex solutions of different 
metals are often very different in this respect, resulting in certain 
circumstances in considerable divergences from the usual position of 
the metals, For example, zinc forms with alkali cyanides a fairly 
unstable complex, copper, on the other hand, an exceedingly stable 
one. Both metals are displaced to the anodic side, copper much 
more so than zinc; as a result both lie close together, and on 
electrolysis they are deposited at the same time (as brass). 

On comparing the metals in the series given on p. 462 we find 
hydrogen between lead and antimony : we must expect that the 
latter, but not lead, can separate out from aqueous solution. But 
we know that not only lead, but cadmium and zinc can be 
deposited, although the potential of the latter metal is about ‘76 V 
more anodic than hydrogen. 

It may be said that the potential of hydrogen is measured in a 
normal acid solution and that in neutral solution it would be 
displaced about '4 V to the anode side. Cadmium would then 
come before it, bul zinc would be about -3 V after it. The cause 
is that the given value for hydrogen only holds for equilibrium. 
If on electrolysis hydrogen separates out, very considerable super- 
saturation occurs, «,nd a correspondivg rise of potential is necessary 
to produce bubbles of gas. lienee the possibility of the electrical 
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deposition of zinc. To avoid the dangerous vicinity of the hydrogen 
potential the zinc solution must be neutral and as strong as possible. 
Further, the deposition will proceed better if the precipitate is 
smooth so as not to facilitate the first formation of bubbles. As 
a rule, the “super-potential” (or over-voltage) attainable will 
depend on the nature of the metal of the kathode, and on the 
condition of its surface. 

Metals which are still more anodic will not be separated at all. 
The alkali metals can be obtained, it is true, when mercury or some 
other liquid metal is used as the electrode. The potential of the 
metal dissolved in mercury is less anodic than the pure metal, since 
it is there in solution, and can only be obtained from it by the 
expenditure of work. Also, the surface of a liquid metal presents 
the maximum of smoothness attainable, and gives rise to a specially 
large over-voltage, with the result that the potentials necessary for 
the separation of these metals can be applied before hydrogen 
gas is evolved. 

These processes are technically made use of in tlio manufacture 
of the alkali metals, and of their hydroxides (by the action of water 
on the amalgams) 

The ions of the halogens, which go into the free elements when 
discharged, behave in a similar manner Here, too, the ions of water 
come in; while iodine and bromine present no peculiarities, it 
IS a question of concentration whether chlorine or oxygen will 
appear • and with fluorine there is no question, for only oxygen can 
be obtained. This is because the discharge of hydroxidion from the 
water, in spite of its very slight concentration in the solution of 
hydrofluoric acid, occurs at a smaller potential than that of fluoride 
ion, and accordingly only oxygen is liberated The discharge of 
chloride ion from hydrochloric acid occurs more readily the greater the 
concentration of chloride ion and the smaller that of hydroxidion in 
the solution. Both these are fulfilled in concentrated hydrochloric 
acid, the large concentration of hydrion depressing the concentration 
of hydroxidion. The more dilute the acid, the more oxygen is 
liberated in the electrolysis. 

Conduction and Discharge. — One important point in the above 
consideration will be repeatedly noticed afterwards, viz, the 
important part in the results of an electrolysis taken by ions which 
are present in very small concentration. As a general rule the 
various ions contribute to the transport of the electricity in 
proportion to their concentrations and migration velocities , their 
discharge at the electrode, on the contrary, depends on their 
potential with respect to the neutral form. If the concentration of 
an ion is small, but has a small discharge potential, the. small quantity 
present will begin to discharge Jhe conoerrtMtion falls, the 
potential rises, and unless much of the substance is present, a new ion 
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must soon begin to discharge The case is different if the 
concentration of the ion is small, but can be renewed as fast as it 
IS used up. 

This can happen in two ways. The ion may be a component of 
a sparingly soluble 8al|i, which continues to dissolve as the ion is 
removed from solution. Or, and this is a more frequent and more 
important way, another compound may be present in equilibrium 
with the ion, and supply fresh amounts of the ion as it is removed 
from solution. This occurs when a complex compound is present, 
the equilibrium between it and the ion being such that a large 
concentration of the compound corresponds to a small concentration 
of the ion. 

An example of this is the silver cyanide ion of the complex potas- 
sium silver cyanide, KAg(ON)2, which is dissociated to a small extent 
in the manner represented by the equation, Ag(CN)2' = Ag' + 20N'. 
In spite of the exceedingly small concentration of silver ion m this 
solution (p. 450), a beautiful silver deposit is formed on the kathode 
even with moderately large currents ; as the small amount of silver ion 
is discharged, more is formed according to the above reaction, and 
the liquid practically behaves as if all the silver were present as ion. 
The same holds for hydrion and hydroxidion in aqueous solutions. 

This behaviour is therefore always possible, if the corresponding 
reaction is possible It depends on the velocity of the reaction 
whether it will take place in any given case. Ionic reactions 
are extremely rapid, hut not infinitely so, and certain phenomena 
indicate that the velocities are measurably different. 

Transformation of Ions at the Electrodes. — Partial discharge 
or charge of the ions may occur at the electrodes in place of comjdete 
discharge, if the intermediate substances are capable of existence, 
i.e. a change of valency can occur Thus at the anode ferrous ion 
becomes ferric ion, and ferric ion becomes ferrous ion at the kathode. 
Similar changes are obviously possible with all other metals which 
form ions of different valencies. Compound anions can also undergo 
the same change if they can exist with different valencies, as the 
trivalent and quadrivalent ion Fe(CN)j, and others. 

These ionic changes are more striking if there is simultaneously a 
change of molar weight. The ion of sulphuric acid SO^" loses at the 
anode one charge, and at the same time two partially discharged ions 
condense to the ion of persulphuric acid SgOg". The ion of carbonic 
acid behaves similarly. So, too, the thiosulphate ion S^Oj" loses one 
negative charge and, changes into tetrathionate ion, 

The limiting case is reached in those processes in which the 
discharged ion cannot form a neutral substance of the same composi- 
tion. Decomposition generally takes place, frequently with inter- 
action of water. ^Thus the discharged kation, NH^, of ammonium 
salts decomposes at the kathode into ammonia and hydrogen, 
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2NH^ - aNHg + ; acetate ion, CHgCOj, decomposes into ethane 

and carbon dioxul^ 2CH;,C03 = C^Ha + 2C6.j. The discharged anions 
of the inorganic oxygen acids react with water of the solution 
regenerating the acid with liberation of oxygen ; if they can torni a 
compound with more oxygon, they aie^ converted into these, i.g. 
discharged chlorate ion into perchloric acid, 

•2G10j f Hp = HCIO, + HCIO4. 

Finally, the participation of the substances present in the 
solution may constitute the principal reaction, and the electrolysis is 
analogous to cells worked by oxidising and reducing agents. The sub- 
stances at the anode are oxidised, those at the kathode reduced, as is 
apparent if the definitions on p. 438 are ap^ilied. This region, which 
includes the electrolytic treatment of organic substances, has 
afforded many new methods of preparation, which have the advantage 
that the oxidation or reduction can be aftected witbout introducing 
foreign siibstaiices A further advantage is that the products of the 
reaction can he varied in numerous ways by simply altering the 
potential, which can bo done by employing acid or alkaline solution, 
etc. 111 particular it has been found that the nature of the electrodes 
has often a very marked catalytic effect on the products which 
result. The velocity with which the changes of concentration at the 
electrodes are equalised also influences the course of the reaction 
to a largo degree. 

Primary and Secondary Processes. — It is frequently asked which 
of the reactions at the electrodes are primary and which are 
secondary If the question is not directly answered by the ooni- 
positioii of the ions and of the products, there is usually some 
doubt as to which of the possible reactions actually occurs. For 
instance, when an aqueous solution of sodium sulphate is electrolysed, 
oxygen appears at the anode and the anode liquid becomes acid, 
while at the kathode hydrogen is liberated and the liquid becomes 
alkaline Formerly it was supposed that the salt was split up into 
acid and base, and the ivater into its elements. This assumption is 
contrary to Faraday’s law, and Hittorf demonstrated that the 
current is conducted by the ions 2Na and SO/' in the ratio of their 
migration velocities. But the discharged anion cannot exist as a 
neutral substance , it passes into snlphuric acid and oxygen. In this 
sen.se the oxygen is a secondary product. The hydrogen at the 
kathode may also be regarded as secondary, on the assumption that 
sodium first appears and immediately acts upon the water to form 
sodium hydroxide with evolution of hydrogen. If wo reflect, 
however, that in sodium hydroxide solution we have only sodium 
ion and hydroxidion, this assumption means that sodium ion is 
discharged to be immediatolyo changeji back to 's&dium ion. It is 
simpler to assume that the sodium ion is not discharged at all, 
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the hydi'ion of the water taking its place. Although the 
concentration of the latter ion is small, it is regenerated from the 
water, so that there is always sufficient present to be discharged. 
The residual hydroxidion gives the alkaline reaction 

If a mercury electrod^ is used, sodium is actually liberated, and 
dissolves in the mercury. On the one hand the kathode potential at 
a mercury electrode can be raised much more than at any other 
electrode (p. 466),- on the other, the anodic potential of sodium 
dissolved in mercury is much smaller than for that of pure metal. It 
can be made very small by largely increasing the dilution (p. 452) ; 
consequently a certain quantity of sodium will be taken up by the 
mercury before the evolution of hydrogen at a mercury surface is 
reached. In this case sodium is a primary product; after it has 
reached a certain concentration in the mercury, hydrogen will appear 
as the primary product in place of sodium. 

The various problems that present themselves can be dealt with in a 
similar manner. There is still one point of importance to be mentioned. 
The potential at the electrode is not conditioned by the mean 
concentration of the substances in the mass of liquid, but entirely by 
the concentration in the immediate vicinity of the electrode. 
When they are changed during electrolysis, it depends on mechanical 
conditions, such as diffusion, convection, stirrmg, and the like, what 
are the concentrations at any moment in contact with the electrode. 
A similar influence is exerted by the different velocities with which 
the reactions take place. Although the rule may be laid down 
that at any given moment that ion will be discharged at the electrode, 
whose discharge potential is the smallest, it is often difficult to say 
under the circumstances which of the ions present at that moment 
possesses this property. 

Polarisation Potential. — The second question regarding the 
phenomena of electrolysis concerns the work which is necessary 
for the separation of the different substances. It is to be 
noticed, first of all, that the work is the sum of two terms, which 
relate to the two electrodes, and can be made to a large degree inde- 
pendent of each other The development of our knowledge of these 
phenomena has been greatly hindered by the circumstance that in 
most of the investigations the sum of the processes at the two 
electrodes was alone considered, without any attempt to resolve it 
into its components. 

The work which is expended or gained in electrolytic transforma- 
tions IS expressed, by the potential, just as in the case of the 
voltaic cell, since the quantity of electricity is governed by Faraday’s 
law independently of the potentials. If tt is the potential in volts, 
n the valency of the discharged ion, 96540 ir n is the work in 
joules, which is required for tjie separation of one mol of the ion. 

The deoom2D03ition potential of an ion is the same as the potential 
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winch the same substance (as electrode or at the electrode) gives 
I'ise to ill a voltaic cell (Lo Blanc, 1893). It is assumed that the 
concontratioiia of the .substances concorned are the same, and also 
that the reaction is reversible. The latter is apparently always the 
case 111 rapid processes ; if there are slow secondary reactions at 
the electrode, the velocity of reforniatioii of the ion from the 
ultimate products of electrolysis may be so small that the cell 
cannot be regarded as practically reversible Such cases are • 
excluded. 

When the product of electrolysis is a solid, a metal for instance, _ 
the law is easily tested. The difficulties are greater with gaseous 
products, especially with hydrogen and oxygen. 

While the potentials of solids depend only on the ionic concentration 
in the electrolyte, the latter vary widely, owing to supersaturation 
phenomena. The complicated systems which these form long delayed 
the recognition of the simple behaviour of the typical systems, because 
they were more frequently investigated under the erroneous idea 
that they were typical. In spite of this, it has been shown that 
a continuous current can be sent through an acid or an alkali with 
the same potential as, or a very slightly higher one than, that of the 
oxygen- hydrogen cell (p. 456), i.e. 1-06 V. Still in this very case 
there are unexplained circumstances, which cannot be entered into 
here. 

Unpolarisable Electrodes. — This is the name given to certain 
combinations of metals and their solutions, which have the property 
that no polarisation or opposing potential ensues when a current is 
sent through them. In a strict sense there is no unpolarisable 
electrode, since the concentration of the solution is changed at the 
electrodes by the passage of the current (except in the cases in 
which the two ions have exactly the same migration velocity), and a 
change of potential is the inevitable consequence. But there are 
different degrees of polarisation, and for»a metal in a solution of its 
salt the system is more easily polarised to a given extent, i,e. by a 
smaller current, the more dilute the metal ion is The quantity 
of metal deposited is proportional to the current strength, but not 
the change of potential, which alters by equal amounts when the 
concentration alters in equal ratios. . If a given current has separated 
two-thirds of the metal present, and created a certain polarisation 
m doing so, one-third of that current will now suffice to bring about 
the same change, and after that only one-ninth of the original current 
is required to produce the same effect. 

The solution must necessarily contain the metal in someform if 
an electrode is to be unpolarisable, although it is not necessarily present 
as ion. For in such cases as the silver cyanide compounds, where the 
ion concentration is very small, a silyer electroefeMs very slightly 
polarisable, since the silver ion used uji at the electrode is immediately 
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replaced by dissociation of the complex. The potential at the 
electrode, of course, is affected by it. 

A system made tip of two equal unpolarisahle electrodes with an 
electrolyte interposed acts as a metallic conductor when a current is 
passed through it, for the potential at the one electrode is exactly 
balanced by the opposed potential at the other electrode. Before the 
use of alternating currents was discovered, this was practically the 
only way of measuring the resistance of electrolytes 

Polarisation at the interface of two electrolytes is always incon- 
siderable, in accordance with the circumstance that the potential 
between liquids is always small. Any number of liquids can be 
brought into circuit without polarisation, if they are interposed 
between the liquids of two equal unpolarisahle electrodes 

Accumulators. — The energy stored up in polarised electrodes is 
obtained again if the electrodes are connected with a conductor, the 
chemical process being reversed. A system of this kind is an 
electrical accumulator. It has been already mentioned that any 
electrolytic process is theoretically reversible, at least if the recom- 
bination takes place very soon after electrolysis, and if the electrodes 
are not overcharged, t.e. caused to discharge products which are 
removed from the conducting surfaces, and are thus removed from 
the reaction. 

This is not sufficient for practical purposes, where an accumulator 
must retain its energy unchanged as long as possible, and must store up 
in the electrodes the krgest possible quantities of energy. Although 
any voltaic cell, in which the chemical process can be reversed by 
sending a current through it in the reverse direction {e.g. a Daniell 
cell) can act as an accumulator, the above practical conditions limit 
the choice, so that up to the present only one type has survived. 
That is the lead accumulator. 

It consists of two electrodes of lead, in as porous a condition 
as possible, in dilute sulphuric acid. One of them is previously 
treated as anode in sulphuric acid, and the lead in it converted 
into lead peroxide (see under) When the cell is closed, sulphate ion 
migrates to the plate of metallic lead, hydrion to the peroxide plate. 
At the former lead sulphate is formed according to the equation 
Pb -t SO^^PbSO^, the discharged SO^ uniting with lead. At the 
other electrode the peroxide is reduced by the discharged hydrogen 
to oxide which forms lead sulphate with the sulphuric acid. The 
chemical result of the passage of the current is lead sulphate. A 
considerable quantity of energy is liberated, since the electromotive 
force is about 2 V. 

If a current is sent m the opposite direction through the 
accumulator after it is discharged, i.e. after lead sulphate has been 
formed at both .plates, the sijlphate •at the kathode is again reduced 
to metallic lead, hydrogen displacing lead with formation of sulphuric 
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acid. The sulj)hiite ion travels, to the anode, is there discharged, 
and reacts with load sulphate and water in the following manner . 

PbSO^ + SOj + 211,0 = PbOg + 2H2S0^. 

Lead peroxide and sulphuric acid are regenerated, and the acoumui 
lator is m its original condition. r 

The accumulator has particular advantages, owing to the happy 
circumstance that the same metal can be used for both electrodes, 
and that all the compounds concerned in it, with the exception of 
sulphuric acid, are sparingly soluble In the first place, the reacting 
substances cannot diffuse away from the electrodes (as the copper 
sulphate does, for example, in the Daniell cell), then the forma- 
tion of “ local currents ” is impossible, since they are due to particles of 
the kathode metal settling on the anode, and there producing a short- 
circuited cell, which leads to a useless consumption of the anode. 
Thus two important factors which cause waste of the stored-up 
energy are excluded. The large electrochemical equivalent of lead 
IS a serious drawback, as it limits the amount of energy per unit 
weight of electrode 

In use the accumulator has been found to yield at most about 90 
per cent of the energy. The loss is mainly due to the change of con- 
centration of the sulphuric acid on the iiassage of the current. A 
glance at the equations representing the chemical processes shows that 
when the accumulator is working sulphuric acid is used at both 
electrodes, i.e. goes out of the solution into the electrodes ; during 
charging up, the acid is again set free. Dimng work the sulphuric 
acid at the electrodes becomes dilute, and iii consequence the potential 
sinks, as closer consideration will show. The potential during 
discharge can only be maintained in proportion as the sulphuric acid 
IS renewed by diffusion and convection. 

Conversely, the sulphuric acid at the electrodes becomes more 
coiioentiated during charging, and this leads to an increase of 
potential above its usual value, which makes a correspondingly higher 
energy necessary for charging 

It follows from this that the loss during discharge and the in- 
creased potential required during charging will be greater the stronger 
the current is, because the equalisation of concentration will be 
less complete. It is found to be trife that, within certain limits, the 
accumulator works more economically the smaller the current strength 
per unit of electrode siwfaee. 

In addition to this source of loss, there is also the resistance of 
the cell, and the corresponding transformation ef electrical energy 
into heat. It is made as small as possible by arranging the electrodes 
in the form of plates, which gives a large extension of surface, and 
putting them close together, so that the acid layer between them is 
as thin as possible The iiitei’nal resistance of gdod accumulators 
is very small, and in most cases need hardly be taken into account. 
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THEORY 

General, — The various divisions of general chemistry are based on 
the different kinds of energy which, in conjunotion with chemical 
energy, make up the properties and behaviour of substances. While 
heat, volume energy, and electrical energy have long been represented 
by thermochemistry, chemical mechanics, and electrochemistry, the 
significance of surface energy has only recently been recognised, 
and this at first only in isolated, apparently unconnected cases, such 
as adsorption, suspensions, colloids, etc. But later the view 
has gained ground that these are but the different chapters of a 
connected whole, which is characterised by the phenomena of 
surface energy. As this energy only assumes measurable pro- 
portions when at least one dimension of the system has a microscopic 
value, and only comes into play m a layer of about 10"'^ cm, in 
thickness, the division may be called microchemistry.^ 

Microchemical effects occur m all chemical investigations and 
measurements, for an object to be investigated must be confined 
within boundaries. But these, represented by the surface between 
different phases, or at least between the homogeneous object under 
investigation and the walls of the containing vessel, are the seat of 
surface energies, which exert a direct and definite influence on the 
condition of the whole system. As a rule* the effect is so small in 
comparison with ^that of the other forms of energy, that it is far 
below the errors of observation and measurement. But when the 
ratio of the surface to the total amount of the system becomes 
relatively large, the effects of surface energy, which are proportional 

1 The name “‘capillaiy chemistry,” which first suggests itself, is iinsiiitable on 
linguistic grouinls. 
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to the extension of the surface, bccoiue of some account. For 
this reason a large number of very exact quantitative laws have been 
discovered, without taking into account the surface energy, 'although 
it was never absent. The surface energy of the quantities of 
substances usually handled under ordinary conditions is vanishingly 
small. The first question then is to find out under what conditions 
surface energy begins to 2 iroduce recognisable effects. 

Specific Surface. — ^If the “ internal energy,” i.e. the total energy 
with the exception of the surface energy, be represented by I, and 
the surface energy by 0, the total energy of a system is I + 0. The 
former is joroportional to the volume v, the other is proportional to 
the surface w. If we put I = iv and 0 = gw, i being the internal 
energy of unit volume and g the surface tension, the total energy is 
iv + gw and the total energy of unit volume is i + gw/v. In 
ordinary measurements the first term i alone is taken into account, 
for g is so small that the second term disappears unless the quotient 
w/v becomes large. The surface tension of water, which has a 
greater surface tension than any other liquid, at 0° is only 77 in 
absolute units The formation of the 6 sq cm. surface of a cm. cube 
with volume of 1 ccm. requires the expenditure of 6 x 77 = 462 erg. 
This is equivalent to IT x lO"’’ cal., which would warm one gram of 
water a little over '00001". This gives some idea of the influence 
exerted by surface energy on the properties of this amount of water, 
provided that it retains its cubical shape If it is divided into smaller 
cubes the quantity remains the same, but the surface increases in 
inverse ratio to the side of the cube. When the side of the cube 
approaches the limit of visibility at about lO'^' cm., the energy 
required for the surface formation corresponds to Tl cal. or a 
corresponding change in the water. This effect is not inconsiderable, 
as the vapour pressure changes about 8 per cent for this difference of 
temperature. 

The essential difl’ereiice is that for equal volumes the aiu’face can 
have different values, from a minimum when the form is spherical to 
an unlimited high value when the form is different. The specific 
surface (Wolfg. Ostwald, 1906), which is the surface divided by 
the volume, is a convenient expression of this effect. If 1 is the side 
of a cube, its surface is 6F and its volume 1®, its specific surface is 
therefore 6/1. A cube with 6 cm. side has unit specific surface. A 
similar calculation for the sphere shows that a sphere of 3 cm. radius 
has unit specific volume, thus a cube and the inscribed sjihere 
have the same specific surface. 

As the above calculation leads us to expect, surface energy effects 
do not attain much importance until the specific surface is greater 
than 10,000. 

Values of this order can result from Jhe diminution of one, two, 
or all three dimensions. In the first case we have films, bubbles, and 
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like like, in the second threads, and in the last fine powders and 
drops. A cube cut with shears into thin parallel plates gives the 
first kind, a second division normal to the first will give rise to 
threa'ds, and a third series of sections normal to the other two will 
yield cubes or rectangular parallelopipeds. If n is the number of 
sections, the new surface fn the first case will be 2n as great as the 
original surface ; in the second and third instances it will be 4n and 
6n times as large as at first. A large specific sm-face is obtained 
when one dimension at least becomes very small ; diminution of the 
other dimensions only increases the effect twofold and threefold. If 
a body is to have marked surface energy, one dimension at 
least must be less than 1/1000 mm., ie. approximate to the 
limit of microscopic visibility (about I'fixlO"®). 

Theory of Surface Phenomena. — In the simplest case of a pure 
liquid (or solid) in contact with its vapour, it was shown (p. 80) 
that the interface differs from the interior of either phase, and 
possesses a special kind of energy, which is proportional to the size 
of the interface, and to a coefficient, ie. the surface tension. 
The former is the capacity factor, the latter the intensity factor of this 
energy. Unlike the volume energy of a gas which decreases with 
increase of volume, surface energy increases with increase of surface, 
while, therefore, a gas occupies as large a volume as is possible under 
the conditions, a liquid tends to form as small a surface in contact 
with its vapour as is possible under the circumstances. A liquid left 
to itself assumes a spherical shape, and the surface tension exerts a 
pressure upon it, until it is in equilibrium with the volume elasticity 
of the liquid. Geometrical considerations show that this pressure is 
inversely proportional to the radius of the sphere and directly 
proportional to the surface tension. The latter is so small that the 
pressures are not large so long as the drop is large enough to bo 
visible to the eye; but when the drops are microscopic, or even 
smaller, the pressures beccane considerable. 

In accordance with this a very small drop must have a larger 
density and other specific properties than a large drop. The 
nature of a substance is changed by surface energy just as it is 
changed by heat, but to an insignificant extent, unless the specific 
surface is large (p. 474) 

As the energy of the surface is greater than that of the mass of 
liquid, the surface condition may be r^arded as intermediate 
between that of liquids and vapours, and it has already (p. 80) 
been pointed out^that this is the case. Small drops have also a 
greater vapour pressure than plane surfaces. Similar considerations 
hold for solids also, and with increasing subdivision they will 
approximate in nature to liquids or vapours. Thus, salol, which is a 
solid, when ground up with an indifferent powder (quartz) is unable 
to induce the crystallisation of fused salol (Ostwald, 1905), although 
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its presence is analyticftlly recognisable. Very fine powder of a solid 
has a lower melting point than large pieces. For the melting point 
is the temperature at -winch the two jihases have the same vapour 
pressure. As the fine powder has the greater vapour pressure, its 
vapour pressure curve will intersect the curve for the liquid at a lower 
temperature, as ivill be seen at once from i'ig. 21, p. 103 (Pawloff, 
1908). 

Capillary Pressure. — Capillary pressure can be calculated by 
means of the principle of virtual changes of energy. Consider a 
liquid under a given pressure p contained in a vessel which is 
connected by means of a very narrow tube with a spherical drop of 
the same liquid. Owing to surface tension the surface and con- 
sequently the drop will strive to diminish, while the pressure p tends 
to increase them. Equilibrium is. established when the work of the 
preasm'e is opposite and equal to that of the surface tension for a 
very small change in the radius of the drop. The former is p dv, the 
latter g dw. Increasing volume in the former means loss of energy, 
while increase of surface means gam of energy; hence the two 
amounts of work are of different sign and the equation is 

- p dv H g dw = 0 

We have now to find out dv and dw for the same change in 
radius. The increase in volume of a sphere of radius r for an 
increase in radius by the very small amount tlr can be put equal to 
the product of the surface of the sphere and the amount dr, the 
surface being regarded as covered with a uniform layer of this 
thickness. Since the surface is 4irr2 dv = 4irr^ dr. Further, the 
surface is equal to four “ great circles,” and the increase in surface of 
a circle due to an increase of dr in the radius is represented by a 
circular band at the periphery, and is equal to the product of the 
circumference and the width of the band ‘dr. The circumference is 
2wr, the increase in surface of one circle is 27rr . dr, and the total 
increase of area of the sphere dw = 8jrr . dr. On substituting these 
values in the above equation, dr is eliminated and p = 2g/r Tbe 
pressure is therefore proportional to the surface tension and inversely 
proportional to the radius of the sphere. 

For water with a surface tension 77 at 0”, as already given, 
p— 104/r. The pressurpis in absolute units, one atmosphere being 
approximately one million units. A drop of water whose surface 
tension exerts one atmosphere pressure upon it mpst have a radius 
of 1'6 X 10“‘ cm. i.e a diameter of throe thousandths of a millimetre 
or three microns. For other liquids with smaller surface tension the 
diameter will bo correspondingly smaller. 

As the compressibility of nmter is ,'00006 for* one atmosphere, 
the density of drops of water of three microns diameter is '00006 
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times greater than the density of water m ordinary quantities. It is 
at first sight a small amount, just on the limit of measurement. But 
with a diameter one hundred times smaller, it mounts up to nearly 
one-half per cent. The other specific properties of liquids suffer 
change to a similar extent. 



CHAPTER XXI 

DISPEKSE SYSTEMS 

Disperse Systems. — ■Two phases at the least must be present if surface 
energy is to be a dominant factor, for the boundary surfaces betuveen 
them are the seat of surface energy. On geometrical grounds the 
one phase will be divided into small, separate volumes, while the other 
will occupy a continuous space. The former is the disperse phase, 
the latter the dispersion medium^ (Wolfgang Ostwald, 
1907). As is the case with solutions, here too the difference is the 
more pronounced when the dispersion medium is m large excess j 
there are also transition stages where the existence of a difference is 
doubtful 

The simplest case is that in which only two phases are present. 
Then we have the following classes : 

(a) The dispersion medium is a gas. Since there cannot he two 
gas phases, the second phase must be either liquid or solid. The 
former gives rise to a cloud, the latter to dust 

(i) The dispersion medium is liquid. Bubbles of gas m a liquid 
produce foam. Liquid in a liquid gives rise to an emulsion or a 
milh ; solid particles give rise to a suspension. 

(o) The dispersion medium is solid-V Gas bubbles produce a 
scoriaceous structuio. Liquids give rise to the well-known mineral- 
ogioal phenomenon of liquid inclusion, and solids to solid mixtures. 
Mixtures of solids in the form of powder do not como into this 
category, for they are solid particles in air, i.e. dust; they are 
systems of three or more phases with air as the dispersion medium, 

A disperse system will retain its state of division unless it is 
acted on by special forces. If the original distribution is not uniform, 
mechanical means will increase the uniformity until the limit is 
approached at which perfectly uniform distribution is reached. 
The conversion of different phases into a uniform mixtui-e, which is 
so frequent an experience in the arts and in our daily life, depends on 

1 Thi"! georaotrical diatmctiou is absent it the division or dispersion la in the form 
of parallel plates : threads and grains which represent the other possibilities correspond 
to tho above description. 
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this fact. From a purely mechanical point of view a state of uniform 
distribution has no advantage over a state of non-uniform distribu- 
tion, so there must be some non-mechanical cause of this constant 
result. In particular, once the uniform mixture has been obtained, 
no separation can be effected by mechanical motion, provided it 
does not act upon the diftbrent parts with different forces. It is not 
a sufacient explanation to say that the state of uniform distribution 
IS the most probable of all the possible states, for probability is 
not a physical cause which places one definite result before all the 
other possibilities We are forced to conclude that causes of a 
physical nature are at work in disperse systems, which favour the 
formation of a uniform distribution and prevent its destruction, 
which can perform work and are of the nature of energy. 

That this is the case, and that the work is greater when the 
specific surface is greater, follows from the fact that very fine sus- 
pensions and emulsions resist the forces of gravity, and may even 
form spontaneously as, e g. finely divided clay in water. We have 
here a source of energy which can do work against gravity in pro- 
ducing uniform distribution in a disperse system. This source of 
energy is probably connected with the surface energy, as it only 
assumes noticeable dimensions when the specific surface is very large. 

The Formation of Disperse Systems. — Disperse systems are pro- 
duced in two ways ; two (or more) phases of finite amount are treated 
in such a way that their common interface is very greatly extended, 
or the conditions of a phase are so changed that a second phase 
makes its appearance in the form of a large number of single particles. 
As such a system contains more surface energy than the original 
system, the expenditure of work is necessary for its formation. 

The first case includes the processes of powdering, shaking 
up, rubbing together, etc., in all of which larger pieces are con- 
verted into smaller ones. As is well known, these systems become 
more disperse the longer .the process is continued, i.e. the specific 
surface increases. Although very prolonged mechanical treatment 
is necessary before the increase of energy confers new properties to 
any marked extent, such cases are known, e.g. ultramarine powder 
when wet-ground loses the power of settling down on standing. 
Similarly, linen and cotton fibres can be “ dead-milled ” m the 
Hollander, i.e. so finely divided that they will no longer felt together 
(for paper making), but will dry up to a horny mass In the tech- 
nical appliances used to reduce substances to a state of fine division 
a very large part of the work is lost in the form of heat, and the 
efficiency of the machine is greater when most of the work is utilised 
in grinding down the material, and when very little is lost in mere 
friction. It is a great advantage to remove the small particles at 
once from the .S'sld of action and ^ to submit them to a separate 
treatment. , 
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Tile other process, the production of a new phase, takes place, 
intentionally and otherwise, in innumerable instances. The formation 
of mist in the atmosphere, and the formation of very fine precipitates 
in chemical reactions are examples of it. As large or small specific 
surfaces may bo obtained under widely difterent conditions, we must 
find out by general considerations what the most suitable conditions 
are (v. Weimarii, 1908). 

If It were not for supersaturation phenomena, a maximum of 
specific surface would always result when the pressure, temperature, 
or chemical proportions were so changed that a new phase could be 
formed. As these new conditions can be established very quickly 
over a large extent, the new phase would be formed simultaneously 
all through the system, provided that there ivas sufficient reason for 
its appearance at all j and, as its concentration was finite, the specific 
surface would be a maximum. This is what happens in the neigh- 
bourhood of a critical point, at which supersaturation is not 
possible. 

The case is very difl’eront when supersaturation can occur. To 
change the conditions in such a manner as to allow a new phase 
to be formed, does not in general cause its appearance, nuclei 
are necessary to commence its formation. This is the reason for 
the appearance of the new phase in larger particles instead of very 
small ones. For if the formation is started by a nucleus, the effect 
of supersaturatioii is to enlarge this single particle, with re-estahlish- 
ment of equilibrium and tlie prevention of the appearance of other 
small particles. 

Now surface energy is the cause of superaaturation. Equal 
quantities of the substance in the two phases differ in their amounts 
of energy (heats of fusion or vaporisation) , but if the form poorer in 
energy has surface energy, the difference between them will be re- 
duced. As the amount of energy increases rapidly with increased 
specific surface, the new jihase may be 'imagined to be so finely 
divided that there is no difference m energy between them, and 
consequently no reason for the appearance of the new form. If a 
new phase could first appear only in infinitely small particles, it 
could not exist at all The fact that the spontaneous appearance 
of new phases is a frequent occurrence indicates that the first particles 
formed are not infinitely small. 

The assumption has_ been made here that the surface tension is 
independent of the size of the particles. But this is not 
necessarily the case, for the measurements on which it is based were 
made on surfaces of finite thickness, and the result is limited to this 
case. It is possible and to some extent is proved that the surface 
tension of very small particles becomes smaller, in which case the 
surface energy will not increase- to infinity on incroE^sing dispersion, 
but may converge to a finite limit. This limit must lie below the 



DISPERSE SYSTEMS 


481 


change of energy for the corresponding change of phase (heat of fusion 
or vaporisation) (p. 81). There would then be a limit to the degree 
of supersaturation beyond which new small particles of the new phase 
must of necessity appear. Now the facts appear to indicate that 
there is some such limit dividing the metastable region from the 
labile region (p. 69). The size of the particles which sejiarate out 
at this limit is determined by this limiting value. 

Usually the particles will not remain of this size ; since they are 
surrounded by a supersaturated medium, the conditions are favourable 
to growth, and the real particles will he larger than the theoretical 
ones. If dust were completely excluded and absolute uniformity in 
other respects secured, the condensation would be ideal, and the 
minimum size of particles attained. 

Consequently, the best conditions for extremely fine division are : 
very rapid and extensive supersaturation, , in order to avoid 
metastable states ; small solubility of the new phase, so that 
larger particles are nob formed at the expense of the small ones. 

The formation of disperse systems readily takes place in the 
neighbourhood of a critical point, owing to the simultaneous dis- 
appearance of supersaturation and surface tension. 

Separation of Disperse Systems. — As the phases of a disperse 
system usually differ in density, they are acted upon by gravity, the 
denser phase falling while the lighter phase rises. This movement is 
opposed by the viscosity (p. 85), the effect of which on the velocity 
increases as the size of the particles diminishes. A stone falls rapidly 
through the air to the earth, but it would remain as dust suspended 
in the same air for hours ; in a vacuum, the dust and the stone would 
fall at the same rate. The constant maximum velocity of a spherical 
particle falling through a resistant medium is given by the equation 


v=-gri*- 


where v is the velocity, g the gravity constant, r the radius of the 
sphere, D its density, d the density of the liquid and w its viscosity. 
The velocity is proportional to the square of the radius, and therefore 
rapidly diminishes when the rising or falling particles become small 
(Stokes, 1861). 

Any mechanical force which acts differently on the two phases 
has a similar effect. As mass and weight are proportional to each 
other, centrifugal force can be employed.’ As it increases as the 
square of the velocity of rotation, it is easy to greatly exceed the 
efect of gravity. " The centrifuge is accordingly of great use in 
separating a disperse system into its constituents ; for example, the 
very small particles of fat in milk can be separated in a single brief 
operation, wherjip^ under the action, of gravity many hours would be 
necessary. 


2 I 
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The velocity of separation is inversely proportional to the viscosity, 
and is reduced practically to zero in a medium of great viscosity 
For instance, the settling out of artist’s colours ground in oil is 
prevented by the addition of a small percentage of wax to the oil, 
the viscosity being correspondingly increased. 

Solid mixtures do not segregate. Owing to their very great 
viscosity. 

Filtration. — ^Filtration is a very common means of separation. 
Like sedimentation and centrifuging, it can only be employed if the 
dispersive medium is a gas or liquid, and is mainly used for liquids, 
because there is usually no difficulty in separating a gaseous medium 
owing to the great difference of density. 

■Filtration dexiends on the use of a sieve, i.e. a plate with holes 
of a definite size. Up to tenths or even hundredths of a millimetre, 
woven fabrics can be used; considerable uniformity of size can be 
attained in this way corresponding to the uniformity of the threads 
and of the weaving. For smaller particles filter paper must be used, 
the pores of which can be varied considerably in size according to 
the method of preparation. As a rule they retain all particles of 
microscopic visibility. 

On the extreme limit we have the seini-petmeable membranes 
formed by precipitation (p. 171), which not only retain the finest 
suapeiisioiis, but even separate real solutions, e.g, sugar solutions, 
into pure water and a more concentrated residue. It is doubtful 
whether they are to be regarded as sieves from a molecular point of 
view, for it is conceivable that they act in other ways ; and cases of 
selective permeability have been observed which do not obviously 
depend on the “ molecular size.” 

Between these two come the filters prepared by allowing gelatinous 
masses of varying concentration to set on a suitable coarsely-porous 
material (Martin, 1896). By varying the concentration of the 
gelatinous coating (Bechhold, 1906), vrfi can produce any desired 
degree of pemeability, and can carry out fractional filtratioiis. In 
this way the limit between suspensions and true solutions has been 
obtained. 

Becognition of Disperse Systems. — All those methods of separation 
are obviously methods of rocognition, all systems which can be 
separated by those means being disperse. But, just as in analytical 
chemistry, separation is_ by no means necessary for recognition, and 
the methods of direct proof must now be described. 

The principal are optical methods. As a rule, the two phases 
have different refractive indices and different absorption coefficients ; 
and, in consequence, the nature of the system can be recognised at 
once with the naked eye. For’this the size of the particles must be 
not less than 1 mm. With the aid^of the misroscope a size of 
•00015 mm. can be recognised, ie. the fourth of the wave-length 
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of the brightest light (yellow-green). Although the laws of geometric 
optics appear to point to unlimited magnification, diffraction, which 
depends on the wave-length, causes blurrmg of the image and limits 
the range of recognition. 

But much smaller particles than these cause a disturbance m 
the propagation of light waves, and this can be utilised to recognise 
and even to count the number of disturbing particles. Mixtures 
of two transparent substances of different refractive index scatter 
light, i.e. send it out in all directions, owing to the reflexion at the 
interfaces of the particles. This causes a certain loss of transparency, 
and the turbid or milky appearance is an indication of their 
heterogeneous nature ; ^ for reflexion always occurs at the boundary 
between two particles of different refractive index. 

The amount of scattering diminishes with the size of the particles, 
and the turbidity soon escapes ordinary observation. It is still 
visible, however, if a very powerful beam of light is sent through the 
system. When the beam is viewed from one side against a dark 
background even slight scattering is observed. The colour is not the 
same as the light used or that of the objects observed, but is blue, 
because of the predominating reflexion of the short waves. The 
light is also polarised in a plane which is fixed by the direction of 
the original light and by the eye of the observer, and most strongly 
in a plane parallel to the original direction. 

If this IS done under the microscope the diffracting particles are 
seen as bright discs On a dark ground : in this way their presence 
(and certain optical properties) is recognisable, but not their form. 
The brightness of the light is of importance, ie. the brightness per 
unit of surface, not the absolute amount of light. Sunlight affords 
the greatest possibility in this dmection ; next comes the electric arc 
(Siedentopf and Zsigmondy, 1903). 

The dimension finally reached in this way is five millionths mm. 
or 6x10''^ cm. But it has been certainly proved that there are still 
smaller heterogeneous particles. 

It is highly significant that there is a continuous transition 
from suspensions and emulsions, which are readily recognisable as 
such, to true solutions (for which the laws of solutions hold), this 
fact indicating that the naturetof both systems is the same. Or, 
in other words, the facts here discovered indicate that true solutions 
are really heterogeneous, and may therefore ^e regarded as mixtures 
of different kinds of particles in the sense of the molecular hypothesis. 
If we add to this the result of the investigations into the electrical 
discharges in gases (see later, p. 633), in which are also recognisable 
discontinuities or a grained structure in the submicroscopic region, 
it appears that the final proof of' the grained or atomistic- 

^ Liquid crystals, which have (iifforant retractive Indices in different directions, aie 
also turbid when their anangement is haphazard. 
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molecularnatiii'e of matter has been obtained, after a fruitless 
search during a whole century. Here we do not have relations 
which lead indirectly to atomic methods of rejn'esentation, but 
which can also be explained in a more general, and, therefore, more 
scientifically justifiable manner, and thus j(ifford no decisive support 
to the hypothesis. They are experimentally demonstrated spatial 
differences in the nature of matter, which exclude the possibility of a 
continuous occupancy of space This discontinuity is below the 
limit directly reached by the ultramicroscope, but is not far removed 
from it. The “molecular dimensions” calculated from the surface 
tension lies roughly between 6 x 10"® cm, and 6 x 10~®, while the 
ultramioroscope goes down to 6 x 10"h The gap to be bridged is 
only a tenth power, which is no great distance. 

The Brownian Movements. — The botanist E. Brown in 1827. 
described a phenomenon which, so far as is known at present, always 
makes its appearance when a pure suspension or emulsion consisting 
of very fine particles is observed under the microscope. The particles 
may bo either solid or liquid ; and the phenomenon is observable 
with mists and dust. The only necessary condition appears to be 
the suspension of very fine heterogeneous particles in a medium 
which offers no impediment to motion {ie. a gas or liquid). The 
particles do not require to be excessively small, about '01 mm. is the 
upper limit. 

Such iiartioles do not remain at rest, but are in a state of con- 
tmuous, irregular motion, the paths being longer or shorter 
straight lines, which follow each other in zigzag fashion. The 
movements are not due to diffusion equalising accidental differences 
of couoantration, for suspensions of indifferent substances have been 
kept for years without any appreciable diminution of the movements. 
External causes appear to have been completely excluded. 

The smaller the particles and the Jower the viscosity of the 
liquid, the more rapid are the movements.'* Spontaneous suspension, 
which occurs when very fine powders are covered with water or other- 
liquids, appears to be directly due to this effect. As this process 
rapidly falls off with increase in size of the particles, while sedimenta- 
tion under the action of gravity increases, it is possible to draw 
conclusions regarding the size of aUhpended particles by observing 
whether sedimentation occurs or not. 

These movements Are in apparent contradiction to the 
Second Law. The velocity depends on the viscosity, the effect of 
which IS to use up the energy of the moving particles. The move- 
ment continues in spite of this, unless the particles coagulate 
together (a suspension of vergjjlion had not lost its movement after 
two years), so that energy at rest appears to become energy in 
motion. As early as 1863 Chr! Wiemer regarded the phenomenon 
as a consequence of the kinetic nature of heat, which he supposed to 
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consist of the motion of the smallest particles of liquids or of their 
molecules, thoir impacts on the microscopic grains giving rise to the 
Brownian movements. This kinetic theory of heat, which was 
propounded in the early ages, has been extensively developed by 
Clausius (1857), Maxwell, Boltzmann, and by many later 
scientists, especially in its’ application to gases, in spite of the very 
serious difficulties encountered. Still, until recently there was 
wanting direct experimental proof of the necessity for such a 
representation, which accordingly remained an arbitrary though 
useful hypothesis. 

' If the movements of a small particle suspended in a liquid are 
calculated on the basis of this hypothesis, the agreement with the 
movements actually observed is so close that we are compelled to 
regard this agreement as a fairly satisfactory proof of the 
kinetic nature of heat A brief account of the kinetic theory of 
gases will be found farther on. 

The calculations were made independently by Einstein (1906) 
and von Smoluchowski (1906), by different methods, and differ 
only by the value of a numerical factor. The comparison with 
experimental results was made by Th. Svedberg (1906). Sved- 
berg measured the paths of ultramicroscopic particles of platinum 
in different solvents of different viscosity, and compared them with 
the values calculated from the formula of Einstein and Smo- 
luchowski. The results are given below : 

Solvent. Path observoil. Calculated from E Calculated from S. 

Acetone . S'lxlO-^ •71x10-' l-OOxlO-* 

Ether . 2-0 -44 -68 

Amyl acetate 1 "S 38 ’68 

Water . I'l -20 -31 

Propyl alcohol . ‘7 'll -17 

The paths calculated from Einstein’s formula are roughly one- 
fourth the observed paths, Srom Smoluchowski’s formula one-third. 
•As the theoretical value of the numerical factor is obviously not 
satisfactorily settled, the approximate proportionality between the 
observed and calculated values (which remains unaffected by the 
numerical factor) may well be considered to be a confirmation of the 
theory. • 

Still more definite confirmation has been afforded very recently 
by the measurements of Perrin (1908). If^an emulsion consists of 
equal drops of known size and density, the drops will arrange 
themselves under ihe action of gravity in the same manner as the 
atmosphere is arranged over the earth’s surface; the densities of 
contiguous layers will decrease in a geometrical series, the constants 
of which depend on the size and the "density, and also on the corre- 
sponding formula 'of the kinetic theory of gases (see below). 

Perrin has determined the size and density, and has counted the 
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distribution of the drops at dififerent heights in a uniform emulsion 
(in the case investigated the density decreases so rapidly with 'the 
height that large differences are found within a fraction of a, milli- 
metre). He not only obtained a value for E, the gas constant, in 
close agreement with the generally accepted value, but has developed 
the method to such an extent that it is probably the most accurate 
value for the molecular constant obtained as yet. 

Stability of Disperse Systems. — Two differently sized particles of 
a substance, in contact with a medium containing the same substance 
in solution or in the form of gas, are generally not in equilibrium. The 
properties of the particles depend on theh- specific surface, and, as 
these are different, the smaller particle is unstable in presence 
of the larger. Its vapour-pre.ssure audits solubOity are greater 
than those of the larger particle under the same conditions The 
larger particle will gain in weight at the expense of the smaller, 
owing to distillation or to solution followed by precipitation. The 
initial difference will be increased, and the smaller particle will 
become more unstable ; this will continue until it is used up and has 
disappeared. 

This effect must always occur if the substance is volatile or 
soluble. As has been repeatedly stated, there is no reason for 
regarding any substance as absolutely devoid of these properties, and, 
according to these laws, every disperse system is essentially unstable, 
it being merely a question of how long the transformation takes. 
The time will be greater the smaller the * difference between the 
solubilities or vapour - pressures, and the smaller the velocity of 
reaction ; the latter depends on the specific nature of the substance. 

There is one special case of stability in disperse systems — when 
all the particles are of exactly the same size. No one particle 
has any advantage over the rest, and there is no cause for change. 
As a slight difference in temperature or pressure affecting any particle 
will bring about a disturbance of the equilibrium, such a system is 
only in labile equilibrium, which is destroyed by tbe slightest 
change in the conditions. 

Another possible case of stability occurs when the surface- 
tension is not independent of the size of the particles, hut 
rapidly decreases with decrease in sizer. There will then be a size which 
would be stable against change in either direction, and which 
would be automatically produced in a mixture of particles of 
different size (provided they were below a given finite size). It has 
already been stated (p, 480) that this is by no means improbable. 

* A problem, wliioli has oocupieil tbe attention of tluulters for a long time, may bo 
nnawereil in a similar way. If the atpmio theoiy is to bt tbe facts, it must be aasumed 
that all atoms of the same element are exactly alike in size. Now Heraobel long 
ago sugg6.stecl that this gives atoms the cjiaractei' jf a iminiifaotiu'sti. product, for nowhere 
else does Nature give us systems of a given kind wiilch are perfectly equal as regards 
size. Tho formation of those ogiully sized particles may bo explained as the effect of 
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There is one instance in which this spontaneous formation of 
uniform drops seems to occur. If two liquids have a critical 
solution-point, their solutions in the neighbourhood of the critical 
point have a milky appearance, and behave like emulsions. In 
particular, they are quite constant in this respect that they are 
a function of the temperature and the composition, and show no 
disposition to change with time (Friedlander, 1901). 

Apart from these, all disperse systems are more or less liable to 
change. The most persistent are those in which spontaneous sus- 
pension takes place against gravity, and, therefore, remain suspended, 
if the suspended substance is very insoluble, and otherwise not liable 
to change. Emulsions of practically insoluble substances and 
mechanically prepared suspensions of stable solids {e g quartz) may 
remain unchanged for many years 

In the majority of oases disperse systems are very unstable. In 
addition to the causes fully explained above, m which the change 
is due to the formation of larger particles, there is another cause, 
due to the appearance at first of loss stable forms. If 
solid mercuric iodide is precipitated from solution, the unstable 
yellow modification always appears first, and it changes into the red 
modification immediately, or in a few hours or days, according to 
circumstances. Similarly, most other precipitates, produced by 
double decomposition or by physical changes of condition, etist at 
first in an unstable modification, which is subsequently transformed 
into a stable form, the-velocity depending on the conditions, 

Frequently the substances in a disperse system are not them- 
selves stable, and undergo slow chemical changes under the prevailing 
conditions, owing to hydrolysis, condensation, etc. In such cases 
the disperse system is also unstable, owing to these changes. 

It will therefore occasion no surprise that, as a rule, it is im- 
possible to prepaie two disperse systems exactly alike, even though 
the external conditions have been kept the same, as far as it is 
possible to do so. They have not the definiteness of properties 
possessed by true solutions, but vary according to their age and 
past history. The data concerning these properties is obviously 
indefinite, and it is easy to imderstand how different observers have 
often obtained widely different* results with "the same” substances. 

The essential direction in which disperse systems change is that 
of removing the dispersity, and reducing thq disperse phase to one of 
finite limits. We conclude, therefore, that increase in grain or size 
of drops, coagulation to flocks or other coherent systems, settling out 
on the bottom or at the top are quite regular phenomena. These 
changes may be accelerated or retarded by various means. 

surface-tension, as d»sonbed above, under oirouitistancea ivtich enabled the atoms to give 
up still smaller particles, until tlid} were all equal Very recent developments of our 
knowledge of radioactive substances make this assumption by no means improbable. 
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Spontaneous separation of the disperse phase can be accelerated 
by any means which facilitates interchange between the indindual 
grains or drops. Eaising the temperature, addition of a solvent, 
sometimes vigorous stirring will do this. In analytical chemistry, 
where dispersity gives rise to serious difficulty in separations, these 
means are in constant use. 

The means of increasing the stability of disperse systems lie in 
the contrary direction j further mention is unnecessary. 

That there are other influences of a more purely chemical nature 
13 evident from the fact that moderately stable suspensions are 
precipitated or coagulated by very small quantities of certain sub- 
atanees. This cannot be taken up until the iiiicrochemical behaviour 
of systems containing several substances has been dealt with. 

Electrical Migration. — If a current of electricity is passed through 
a disperse liquid system, the particles as a rule travel in the direction 
of the negative cuirent, but in some systems in the opposite 
direction. In this respect they are like the well-known ions of 
salts, and the only conclusion we can come to is that they are carriers 
of electric charges of the appropriate sign The velocity of migration, 
too, is, similar to that found in the case of ions, and seems to be 
fairly independent of the individual nature of the particles. It is 
approximately proportional to the fall of potential, and amounts to 
2 cm. per volt/cm. in an hour. 

The question, whether all substances in the disperse condition 
are electrically charged, has not yet been deffisively answered On 
the contrary, it has been proved m many cases that the sign of the 
charge is conditioned by special chemical additions to the disperse 
medium, and can even be reversed. There is, m this case, a neutral 
point, at which no migration with the electric current takes place 
in either direction (Hardy, 1900). These neutral systems are found 
to be comparatively unstable, the parficles readily and quickly 
uniting to form larger masses, which then settle out 

This migration implies a certain amount of conductivity, for, in 
accordance with the general laws of electricity, an equal quantity of 
electricity of opposite sign must travel in the other direction. This 
teansport of electricity is usually effected by ordinary ions ; hydrion 
ill particular always seems to appear when the particles are 
negatively charged. As quartz powder, for instance, when suspended 
in water shows negative migration, the ions of water, which are 
always present in fixed concentration (p. 404), appear to participate 
in it, one of them, hydroxidion, combining with -the particles, and 
conferring on them the appropriate electric charge. 

This is probably connected, with the tendency of substances of 
high molecular complexity to pass readily into a strongly disperse or 
“ colloid ” state, as is also the spoiftaneous dispersion, 'or “ peptisation,” 
of these substances in the coagulated or non-dispersa condition 
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when a substance is added to them, from which they can abstract the 
necessary ions. As this involves the equilibrium between several 
constituents, it cannot be adequately discussed until the simpler 
phenomena which are met with in this connexion have been dealt 
with (see below). ^ 

Colloids. — Graham (1861) was the first to distinguish the two 
classes of crystalloids and colloids In the first were included 
the substances hitherto treated as chemical individuals, because of 
their constant specific properties and behaviour when subjected to 
analytical methods of separation. The name expresses the fact that 
most of them are easily prepared in the form of crystals, though 
the designation is extended to substances (such as the lower members 
of the saturated hydrocarbons) which are unknown in the crystalline 
condition, but possess the other properties of pure substances 

Colloids, on the contrary, are substances, the properties of 
which are more or less indefinite. They differ from solutions in that 
they cannot be resolved into components which have the properties 
of pure substances. They form systems with water, alcohol, and 
other pure substances,’ which resemble solutions in some respects, but 
do not appear to obey the solution laws (p. 173), as solutions of 
crystalloids usually do, them behaviour being rather that of mechanical 
mixtures. This 'is shown in several ways; thus, the boiling-point 
and freezing-point of the solvent are not appreciably altered by the 
presence of a colloid, and the osmotic pressure of colloid solutions is 
very small. This has b6en explained by ascribing to colloids a very 
high molar weight, which may even be variable. 

But while Graham regarded colloids as an essentially separate 
class of substances, recent investigations have shown it to be rather a 
special state into which practically all chemical substances can be 
brought. This state is one of very fine division or of very great 
specific surface. Accordingly, the above considerations, which 
were expressly developed in reference to systems of great dispersity, 
apply directly to what Graham called colloids. The distinction 
really is in the ease with which substances can be made to assume this 
state. One reason why substances do not always appear in the 
colloid state when they are formed as a second phase within a liquid 
(or gas) has been given already (p. 480) ; another reason is that 
the coagulation of disperse phases is extraordinarily accelerated by 
the presence of any salts in the solution. « As most precipitations 
are reactions between salts, usually the conditions for the precipitate 
assuming the disperse state do not obtain. If the conditions are 
suitable, the substance is obtained in the colloid state. 

The best-known example of this .is arsenious sulphide, pro- 
duced by the addition of hydrogen sulphide to an aqueous solution 
of arsenious aoief. As no salt is present, a “ colloid solution " is 
obtained, i e. a liquid mixture, in which the second phase, arsenious 
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sulphide, is iu extremely fine division. The electrical disintegra- 
tion of metals is another instance (Bredig, 1898). The metal 
18 vaporised by the electric current, owing to local heating, and the 
instantaneous condensation of the vapour by the surrounding liquid 
causes the metal to appear in the colloid §tate, which is more or less 
stable us there are no salts present to cause precipitation. 

Certain substances which have been coagulated by salts pass into 
the colloid state when these salts are removed by washing. This is 
the cause of many precipitates “passing through” the filter in 
analytical operations, when the greater part of the salts have been 
washed out. This is prevented by washing the precipitate with 
a suitable salt solution instead of with pure water, ic. the co- 
agulated state is preserved. 

While some substances readily regenerate the colloid state in 
contact with pure water, others retain their insolubility even after 
washing out. This really depends on the velocity with which the 
precipitate passes from the highly disperse state into larger grains or 
crystals. If the velocity is small, the possibility of passing into the 
colloid state is retained for a longer time. By assigning somewhat 
arbitrary limits of time, e.y. a few days or weeks, the distinction has 
been made between reversible and irreversible colloids, tbe 
former comprising those wbicb can be reconverted into the colloid 
state after coagulation. As, however, tbe colloid state is itself 
an unstable state, all colloids are to be regarded as irreversible, and 
tbe diiFerence is really a practical one, useful in describing their 
time phenomena, but without theoretical foundation.^ 

There is a difference between various colloid liquids which must 
not be overlooked. In those in which it is fairly certain that the 
disperse 2ihase is solid (metals, metallic sulphides, clay, etc.), the 
properties of the dispersive medium are scarcely affected ; the viscosity 
in jiarticular is practically unaltered, , wdiile in others, such as 
gelatine, gum, agar-agar, dextrin, and silicic acid, the reverse is true. 
They produce a great alteration in the viscosity, and often “ set ” to 
trembling jellies, ivbicb possess form energy, or elasticity, and 
arc so far like solids. It is very probable that in these cases tbe 
second phase is also liquid (or at least half-liquid), and it has 
been shown that solidified gelatine Consists of a spongy framework 
of concentrated gelatine, in which a dilute solution is encased. 
There are thus two liquid phases of limited mutual solubility (p. .323), 
which are very probably in the neighbourhood of their critical 
point, where they become completely soluble in each other. 

^ Colloidfl are also called reversible, if they are easily tvausformed fioiu the oiic-pliase 
system or the solution into the colloid two-phase sy.stom, hy, for iiihtaiice, change of 
temperatnie. But this is undonhtedlj a totally diffeient pheuomenou, for the second 
disperse phase is made anew eaoh time. Gelatine is a welJ-kno)|Vn ui.stance of this ; it 
iorms a solution with w.itoi at higher tcmperatnrCs, and a uolloid frheu it sets at lower 
teiuperatures 
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The great viscosity of the liquid phase is probably connected with 
the fact that the viscosity of a liquid rapidly increases with the 
number of hydroxyl groups, especially in organic compounds. A 
comparison of alcohol, glycol and glycerol, or of propionic acid and 
lactic acid, shows this, ^here is the further circumstance that the 
viscosity of solutions is very high in the vicinity of the critical 
solution point of two liquids. The great viscosity of solutions of 
gum and of dextrin must not be confused with the semi-solid or jelly- 
like character of gelatine or agar-agar. The former is not altered 
by stirring or other mechanical disturbance; the latter is destroyed 
by these means. 

The Size of Disperse Particles. — As already stated (p. 475), surface 
energy might be expected to produce appreciable differences in the 
properties of disperse systems when the size of the particles falls 
below 10'^ cm. This is about seven times larger than the limit 
of microscopic visibility. Some of the associated phenomena, e.g. the 
molecular motion, commence at about 10~® cm., which is probably the 
extreme upper limit at which the properties peculiar to disperse 
systems begin to show. 

From this point to the limit of microscopic visibility, which may 
be put at 10'® (this is a little excessive), we have the first stage of 
microscopic particles. In Zsigmondy’s nomenclature th^y are 
known as microns. 

This is succeeded by the region of ultra-microscopic visibility, 
the limit of which is determined by an extraneous circumstance, 
the intensity of the available light. As at the present time no light 
of greater “brightness” than the sun is available, the limit is about 
6 X 10“'’ cm. These particles are submicrons. 

The isolated existence of still smaller particles, which was to be 
expected considering the accidental nature of the limit, has been 
demonstrated in other W8.ys. Zsigmondy (1906) has shown that 
preparations of reduced 'gold, in which the particles are invisible 
under the ultra-microscope, accelerated to an extraordinary degree 
the formation of submicrons in suitable solutions ; this effect he 
attributes to individual but still invisible particles of gold, which act 
as nuclei in the supersaturated solution, and increase in size at the 
expense of the gold there 'present. These particles are called 
amicrons. He estimated their size in a given preparation at a little 
over 10”'^ cm., but this is probably not the4ower limit. 

The kinetic theory places the size of gas molecules at about 
10"® cm. There* is thus unbroken continuity. The limit of spatial 
discontinuity which is physically observable is still lower, for 
electrical phenomena take us at least a further power of ten. 
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Differences of Concentration at the Surfhce. — So far our considerations 
have been based on the general facts of surface energy, without 
inquiring into its special modes of action. Nevertheless it was fre- 
quently necessary to refer to these. We must now turn to the 
material oflFects produced by surface extension. 

As surfaces and interfaces are the seat of a special form of energy, 
the properties of substances in these surfaces must be difl'erent from 
those e.xhibited by larger quantities, for properties are only alBimations 
of the kinds of energy present. The properties of surfaces can seldom 
be directly investigated, as they are limited to the very thin layer 
of about 10'® cm., which cannot be treated separately apart from 
the main mass. There are, however, a number of cases where a 
certain amount of investigation is possible The most important are 
the alterations of concentration or density of substances 
in surfaces. 

These changes are most accessible where differences of concentra- 
tion are most easily produced. For uniform substances this pre- 
supposes the gas state, and we are thug led to consider the effect 
of diaphragms on gases. There is in general a condensation of the 
gas at the surface. Although it must also occur on liquids, it can 
only be recognised on solids, because the technical difficulties in the 
way of maintaining the foam of liquids for the necessary length of 
time have not yet been overcome. The condensation of gases on 
the surfaces of solids is a well -known* fact. As it is proportional to 
the surface, the amount escapes observation unless the specific 
surface is large, as in pov^ders or solids of cellular structure. 

Similar phenomena are observed when solids with large specific 
surface are brought into liquid solutions. Frequently the solute 
accumulates in the surface ; the surface tension plays an important 
role here. 

These two phenomena, which are very similar even to the 
extent of the laws governing th’em, arc knoifa as" adsorption, m 
order to distinguish them from absorption or the solution of gases 
492 
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in liquids, to which they have a certain amount of likeness. The 
essential difference between them is that in the one the action is 
proportional to the surface, in the other to the quantity or 
volume of the recipient substance. 

Finally, a liquid solution will have a different composition in its 
“ free ” surface, i.e. at the interface between it and its own vapour, 
than in the interior of the solution, the component (or a product) 
with the smaller surface tension being more concentrated in the 
surface. For every free surface tends to diminish its energy. This 
can be accomplished by diminishing either the capacity factor, 
the surface (as usually happens), or the intensity factor, the 
tension. The latter can happen in solutions, but not in pure 
liquids. In a solution the substance with smaller surface tension 
will pass into the surface, uutil the worlc necessary for its trans- 
ference is as groat as the corresponding diminution of the surface 
energy. 

Gas Adsorption. — A solid, when placed in a gas, at once condenses 
or retains a certain amount of the gas so that this part exerts no 
pressure; the amount is proportional to the surface, and depends 
further on the temperature and pressure, and on the nature of the 
substances. The amount adsorbed per unit surface (1 sq. cm.) is 
extremely small, and is inappreciable except on large siufaces. There 
are not many absolute measurements of it. It is not very different 
for different gases ; about three times as much ammonia is adsorbed 
as hydrogen (by volume); these gases form the extreme limit of 
observation. The absolute amount is about 10~'^gper sq. cm. This 
is of the same order as the concentration of the sm-face layer in pure 
liquids (p 83). 

Consequently these phenomena are not easily observed at the 
ordinary surfaces of solids, as the amount of gas taken up is 
too small; they are only measurable when the solid is porous or 
finely powdered and thus presents a large specific surface. In a 
few cases a sufficiently large surface of known extent was obtained 
by using bundles of glass threads, the surface of which was calculated 
from the length and weight (the density being known) on the assump- 
tion that the threads were cylindrical. Usually investigators have 
been content to use porous solid substances such as charcoal, meer- 
schaum, etc., it being assumed that they are so uniform in textm-e 
that the active surface is proportional to 1;Jie weight, i.e. that the 
specific surface is constant. This assumption has usually been found 
to be justified when parallel experiments have been made. If 
necessary, uniformity can be assured by mechanical means (sifting or 
elutriation of the material). 

The typical form of experiment is as follows . the solid is brought 
into a glass vessel whieh is connected with a gas-measuring apparatus, 
and is then freed as completely as possible from surface layers. 
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This is best done by pumping out at a high temperature. 
Although the greater part of the surface layer is easily removed by 
this means, a small residue is tenaciously retained. This is quite 
noticeable if there are means of recognising very small quantities, as 
in Geiaslor tubes, through which electric discharges are passed. It 
is extremely difficult to remove surface layers from glass {e.g. water 
vapour) so completely that they cannot be recognised in the spectrum. 
Measured quantities of the gas are then admitted, and after some 
time the residual volume is measured. The observation is repeated 
in order to ascertain if adsorption is practically complete, or still 
continues. As the process, like all similar ones, follows a logarithmic 
function, i.e. the velocity is proportional to the momentary distance 
from saturation, observation of the first stages of the process affords 
some idea of the velocity, and of the time necessary for practical 
completion of the reaction. 

In this way an equilibrium is obtained, which is the same whether 
the pressure has been reduced or increased. This circumstance, that 
the same equilibrium has been reached from both sides, is a guarantee 
against a very slow irreversible process being mistaken for a real 
equilibrium. 

This phenomenon is, as already stated, known as adsorption. 
So far as is known, it is accompanied by evolution of heat ; in con- 
sequence of this, it is smaller at higher temperatures. Use is made 
of this fact, as described above, to remove adsorbed gases from solid 
surfaces. » 

The quantity of gas adsorbed by unit surface is a function of 
the pressure. Attempts to apply Henry’s law are unsuccessful; 
the amount of any gas adsorbed increases much more slowly than the 
pressure. This explains the difficulty in removing the last (or first) 
traces of adsorbed gas from a surface. If the pressure is halved, a 
smaller fraction than one-half of the gas is removed , if it is again 
halved, the same fraction is again removed, and thus the pressure 
is reduced much more rapidly than the residue of gas. 

This connexion between pressure and quantity of gas adsorbed, 
eacli being arranged in a geometrical series with a different exponent, 
is the quantitative relation between pressure and surface density. 
Denoting the pressure by p, the siirface concentration by b, the 
formula is 

„ p = kb™, 

where k and m are constants depending on the te^iperature and the 
nature of the substances. If Henry’s law was valid, m would be 
= 1 

In reality m is always greater than 1, and under certain circum- 
stances (for solutions) may be as high»as 10 or 18.. This excludes 
the possibility of regarding the process as a distribution equilibrium 
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(p. 375), for, if it were, there must be a change in molar weight at 
the surface of the solid, of such a nature that one mol of the gas 
gives rise to m mols of the adsorbed substance. In most cases 
reactions of this kind are excluded on chemical grounds. 

The cause of adsorption is rather to be found, as previously 
stated, in surface - energy. There is a surface tension in the 
sui’faces of solids, as in liquids, i.e. the surface tends to diminish, and 
its formation requires the expenditure of work. This is the cause of 
the tensile strength and rigidity of solids. This surface tension 
changes, becoming smaller, when the surface is covered with a layer 
of adsorbed gas ; the process therefore continues spontaneously until 
the virtual work for the compression of the adsorbed gas on the one 
hand balances that for the diminution of surface energy on the other. 
As no method has yet been discovered by which the surface tension 
of solids can be accurately determined, it is impossible to go more 
deeply into this matter from the experimental side. 

Adsorption from Solution. — Similar phemomona are observed 
when a solid substance is brought into contact with a solution. At 
its surface, too, is established a definite surface - concentration which 
is in equilibrium with the concentration in the solution. In this 
case there are very considerable differences in the amount adsorbed, 
the quantity appearing to depend on the nature of the adsorbed 
solute rather than on that of the solid, since substances of small 
surface-tension preponderate in the surface, and thus are adsorbed 
(Freundlich, 1906). ^The same relation 
c = kb“, 

in which o is the concentration in the solution, b that in the surface, 
holds between the two concentrations. The value of the exiionent 
m varies vary much, but is always greater than'l. 

These phenomena have been long known, and are often of technical 
importance. For instance,, the dyeing of fabrics is, at least m part, 
an adsorption process, although in certain cases there are undoubtedly 
coupled with it more strictly chemical processes. We are not 
justified then in speaking of a “ theory of dyeing ” as if any single 
theory can be applied to all the processes of dyeing. Dyeing is 
not a scientific, but a technical notion, which denotes uniform 
results without regard to the means employed. Science is 
bound to take into consideration the means, and, if they are found 
to be different, it must put forward correspondingly different theories 
of the dyeing processes which depend on them. 

Another technical application of adsorption is the decolourising 
of impure solutions by means of charcoal, kieselgur, and other 
materials of great specific surface." In many cases coloured 
impurities are, espeoially ajdsorbable by these substances; and 
to remove these foreign substances from solutions, the solutions 
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are shaken up with finely - divided charcoal, etc. Of course, 
uncoloured substances are also taken up if they, too, are easily 
adsorbed. 

In analytical chemistry, also, it is of importance ; for it renders 
the washing of precipitates more difficult. Application of the 
considerations on p. 494 to the case of solutions shows at once that 
the removal of the last traces of adsorbed solute will require a very 
large amount of solvent. 

The relation c = kb™ has been experimentally proved by bringing 
solutions of known concentration into contact with known weights 
of charcoal, fibre, clay, etc., and allowing equilibrium to be 
established between them. Equilibrium is rapidly attained, especially 
at high temperatures, but, as in so many oases, the velocity depends 
very much on the nature of the substances concerned, If a more 
concentrated solution is employed at first, and is diluted after 
approximate equilibrium has been attained, the equilibrium point is 
approached from the other side and,'‘in general, in much leas time The 
effect of temperature is usually small, corresponding to a small heat of 
adsorption under these conditions. The heat of adsorption has not 
yet been measured directly. 

The cause of the adsorption is again to be found m surface 
energy, but here the matter is more complicated since it is the 
resultant of several energies of this kind. First of all, for a liquid 
to wet a solid, the following relation must he present. The free 
surface of the solid will be diminished by the wetting, and at the 
same time the interface between the solid and the liquid, as well as 
that between the liquid and air or its own vapour, will he increased 
Work is gained from this series of processes, for otherwise they would 
not take place spontaneously, .md as the resulting and disappearing 
surfaces are equal, there must be a corresponding relation lietween 
the surface tensions. Denoting the surface tension of solid in gas, 
or its “free” surface tension, by (sg), thiit of the solid in liquid by 
(sf), and that of the liquid in gas by (fg), we have (sg)>'(sf) + (fg). 
Wetting can only occur when the free surface tension of the solid 
IS large, and that of the liquid is smaller. Adsorption occurs when 
the sui’face tension (af) is diminished by the transference of the 
solute from the solution to the surface We have here the same 
cause as in adsorption of gases j equilibrium is attained here also 
when the work against the osmotic pressure is equal to that gained 
by the diminution of tlie surface tension, both being referred to equal 
quantities of substance. 

These simple relations are frequently masked by more complex 
processes of a chemical nature, by which the adsorbed substances 
undergo changes, lose their solubility, and cannot be washed out 
again. These changes are especially valuable from the dyer’s point 
of view, who seeks to secure or promote them. They have given rise 
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to the never-ending dispute “whether dyeing is a chemical or a 
physical process.” As the alternatives are not mutually exclusive, 
the question in this form is doomed to failure. But it is so, because 
in this region the difference is indefinite and fluctuating, and depends 
upon arbitrary definitions. A more definite question is whether 
dyeing is a pure adsorption or whether other processes play a part 
in it. The answer is undoubtedly that there are dyeings which are 
based upon adsorption alone, and many more in which other factors 
are concerned. It is the object of science to discover these factors 
and the laws which regulate them. 

The Surface of Solutions. — In addition to the energy taken up 
by the formation of an interface between it and the vapour, liquid 
solutions undergo another surface change, which consists in a 
difference of composition between the surface and the interior of 
the solution. If we imagine a surface of the same composition to be 
formed, it will not in general be in equilibrium with the interior. 
If, for instance, one component of the solution has a very small 
surface tension, the energy of the surface will be smaller if an excess 
of this substances enters the surface, and consequently reduces the 
surface tension. Such a substance will pass into the surface until 
the work necessary to withdraw it from the solution is exactly 
balanced by the work gained by the corresponding diminution of 
the surface tension. The tendency will thus be for substances of 
small surface tension to pass into the surface, and even when they 
are present in small quantity to become relatively more concentrated 
in it, with a corresponding reduction of the tension. Conversely, a 
substance with great surface tension will have no effect on the 
surface tension of the solution, when it is present in the solution 
along with others of small surface tension, for it cannot enter the 
surface, because this would increase the surface tension ; this would 
require an expenditure of energy, which is nob available, because 
removal of it from the solqtion also requires work instead of giving 
it up (W. Gibbs, 1874). 

This is fully borne out by the experimental results. Water is 
a substance with a great surface tension, and it has long been known 
that very small quantities of impurities of small surface tension 
have a very large effect on water. There were difficulties in the 
way of determining this magnitude for water and solutions in water ; 
they have been overcome by frequent renewal of the surface, and by 
adequate protection of the surface against impurities. 

Direct proof of this accumulation of such “active” substances in 
the surface layer is'not easy, as the quantities are so very small. -Even 
when the surface layer is very different in concentration from the 
interior, the thickness of the surface layer is very small, and cannot 
he treated by itself, but oqjy in conjunction with a fairly large 
quantity of the interior liquid. AVhen the latter was reduced 
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as far as possible by making bubbles, the separation was sufficient 
for analytical purposes, and the difference of concentration was 
demonstrated directly (Zawidski, 1900) 

The Surface Concentration — ^If we have a given amount of the 
solution, the volume of which is v, the surface w, the voliimo con- 
centration of the solute c, and the sinfface concentration Ic, the 
total amount of solute is M = cv s- kw. 

This assumes that the substance in the surface occupies no space at 
all. There is really a layer of finite, but very small thickness 
next the surface, in which the total concentration is different from 
that in the interior. To take this into account, the surface 
concentration is defined as the excess (it may be negative, i.e. a 
deficit) of solute present in a sheet of finite thickness, which contains 
the surface, over the amount of solute it contains in virtue of the 
volume concentration. This excess is clearly independent of the 
thickness of the sheet taken, for the inclusion of further layers only 
introduces a volume in which the concentration is exactly equal to 
the volume-concentration, and therefore vanishes on subtraction. 

This is evident if the question is asked how the sm’faoe con- 
centration can be measured. As volume and surface are always 
present simultaneously, it appears at first sight impossible to 
determine the two concentrations separately. But the surface can 
be increased to any desired extent, the volume being kept constant, 
by stretching some of the liquid into a thin sheet or bubble, or by 
dividing it into a very large number of smaller drops. If such 
differently formed systems are prepared in such a manner that their 
volume concentration is always the same (e.ff by separating them from 
a very largo volume of solution), the total concentration will 
increase proportionally to the surface If 6^ is the total concentration 

for the surface and Gj that for the surface W^, ^ is equal 

to the surface concentration. 

Performance of those determinations is greatly facilitated by the 
circumstance that surface concentrations have usually very small 
absolute values. Por masses of liquid of such a shape, that no one 
dimonsion much exceeds the rest, thg total concentration can at once 
be put down as the same as the volume concentration. Only when 
the form is that of thin leaves, threads or dust, where one 
dimension (or two or Chree) is very small, does the specific surface 
become sufficiently largo to make its difference of concentration of 
any ^account. In the above equation is so small in comparison 
with Wg it practically be put down as zero. 

This definition of surface "concentration does not presuppose any 
knowledge of the distribution of the solute ^in the interface. 
The concentration difference obvioiisfy cannot be reduced to a 
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mathematical plane, and it Beems probable that the properties of the 
surface pass continuously into the properties of the interior, so 
that there is no really sharp line of demarcation between the surface 
layer and the rest. On the other hand, it is experimentally known 
that the surface differences make themselves felt only at very 
sbght depths ; this followt from the fact that the surface tension of 
soap films, down to very thin layers, is independent of their 
thickness. So long tis this is the case, the thickness has plainly not 
reached the variable region, and the latter must be thinner than half 
the thickness of the film, which of course carries a surface on each 
side. The dimensions within which this transition from the surface 
layer to the uniform interior is complete are probably a little above 
the calculated thickness of the capillary surface layer of pure liquids 
(p. 83), viz. about 10'® cm. 

The Oonoentration Formula. — Suppose a solution bounded by 
a surface so large that the surface contains unit weight of the 
solute in consequence of surface concentration. This surface is W, 
and its tension is g. Let the transport of a very small quantity of 
solute into the surface decrease the tension by dg, the energy 
change for this process amounts to W dg. 

This energy must just suflSce to cover the work necessary to 
remove the same quantity of solute from the interior; the latter 
amounts to v dp, where v is the volume of unit weight, and dp is the 
change in pressure caused by its removal. If the laws of dilute 
solution are assumed to hold, the volume , for one mol is RT/p, and 
for unit weight it is ET/mp, where m is the molar weight and p is 
the osmotic pressure. The sum of the two energy changes must be 
zero, and we have 

W dg + ET dp/mp = o, or dg/dp = - ET/Wmp. 

As dp IS proportional to the concentration, this formula gives 
a connexion between v»olume concentration and surface 
tension. It is very similar in form to the relations between vapour 
pressure and temjierature (p. 79) or electromotive force and tem- 
perature (p. 434). To test it, the variation of surface tension with 
the volume concentration of the solution must be known, and 
also W, the surface, in which .the unit weight of .solute is found 
in virtue of the surface concentration. This is the reciprocal 
of the surface concentration k, as it is the surface of unit quantity, 
while the surface concentration is the quantity in unit surface ; 
W = 1/k. 

The determination of the latter ‘ values is very difficult, SSd is 
not very accurate Experiments in this direction (Milner, 1907 ; 
Lewis, 1908) have only yielded agreement m the sign of the 
change, while tile numerical resalts differ very considerably. 
No cause of this want of agreement is yet known. 
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The qualitative meaning of the formula is as follows. Since 
E, T, m and p are all positive, the sign of the ratio dg/dp depends on 
the sign of W, or of the surface concentration k, as both .are of the 
same sign. When dg/dp is positive, k is negative, and conversely. 
If the surface tension increases with increasing concentration of the 
solute, the surface concentration of this sohite is negative, i.e. there 
is less of it in the surface than there should be in virtue of the 
volume concentration. If, on the contrary, the surface tension 
decreases with increasing concentration of the solute, the surface 
concentration is positive, i.e. there is more of solute in the surface 
than corresponds to the volume concentration. 

The first case occurs in aqueous solutions of the strongly ionised 
inorganic salts, the second case in most solutions of organic 
compounds, which themselves have always a smaller surface tension 
than water. We may conclude from this that ions do not readily 
enter the surface, if at all, while indifferent substances in the mam 
seek the surface. The latter affect the surface tension of the 
solvent much more than the formei’. 

It may bo added, in conclusion, that in the adsorption of gases as 
well as of solutes by solids, the surface tension of the solid is 
diminished, since a positive surface concentration results. A 
negative one would be very difficult to observe. 

Adsorption hy Colloids. — The great surface extension of disperse 
systems provides an exceptional opportunity for the display of 
adsorption phenomena, with the result that many phenomena are 
to be traced to this cause. They include the powerful effect 
frequently produced by very small quantities of substances on the 
properties of colloid solutions. 

The most frequent is the precipitation or coagulation of the 
disperse phase by tho addition of electrolytes. During this 
process the molecular motion ceases first of all, the particles unite 
to larger ones, which fall to tho bottom. ", Stoppage of the molecular 
motion appears to be the primary cause of this complex phenomenon, 
for It has frequently been observed that the motion ceases 
immediately after the addition, before the particles have had time 
to unite to larger masses. The added olootrolytes are found in the 
precipitate ; this makes the assumption probable that the action is 
chemical, for, as ions increase tho surface tension and therefore do 
not go into the free surface, they are not likely to accumulate at the 
surface of the suspended particles by simple adsorption. 

On the other hand, all solids in the disperse condition appear to 
undergo this reaction, whatever their chemical nature may be, 
colloid metals and metallic sulphides show it as well as clay, quartz, 
ultramarine, and gum mastic.'^ As all these substances have some 

’ According to some preliminary c/peimienffi an emulsion o# vaseline (saturated 
liydiocartons), made by dissolvmg It in alooliol and pouiiug tlie solution into a large 



OHAP. XXII SPECIAL MICROOHBMISTRY . 501 

of the characters of ions in virtue of their electrical migi’ation, there 
is always the possibility of chemical action. 

The activity of salts depends on the anions or kations, 
according to whether the suspension is positive or negative, as 
indicated by the direotion^of its electrical migration ; univalent ions 
must have the greatest concentration to produce precipitation, 
bivalent ions a less concentration, and trivalent ions still less. The 
differences are very great, and can be expressed approximately by 
a formula of the form a e“ = const., where n is the valency. Still 
there are pronounced specific effects. The ion of opposite sign is 
alone concerned in the precipitation, the other ion being of no 
account. 

Colloids of opposite charge also produce a similar precipita- 
tion of each other. But here (as is the case with salt precipitation 
too) there are many complications depending on the concentration. 
They are not gone into here, as they have not yet been satisfactorily 
explained. 

Non-electrolytes do not usually cause coagulation, except at 
greater concentrations. 

Colloids like gelatine (in which therefore the disperse phase is 
liquid) exert a marked protection of suspensions against the 
coagulating agents mentioned above, as even at very small 
concentrations they prevent the union and precipitation of the 
particles. The same effect is observable in the formation of snob 
disperse forms; sparingly soluble salts, which in the ordinary 
precipitation by double decomposition are immediately coagulated 
by the other ions present (as, e.g the silver halides), remain in 
suspension whan the precipitation takes place in the presence of 
gelatinous substances. Thus, for instance, silver chloride forms a 
transparent emulsion if only one per cent of gelatine is present 
in the precipitating solutions (silver nitrate and sodium chloride). 
Extensive use is made of Shis in the manufacture of silver bromide 
gelatine plates for photographic purposes.^ 

This protective action is probably connected with the small 
surface tension of the substances in question, which enables them to 
clothe the particles of the solid phase, and so isolate them from 
each other (Bechhold, 1904)." Something similar to this certainly 
takes place with emulsions; while an emulsion made by shaking 


quantity of watei, which showed molecular motion very well, was very inseuaitivo to 
additions of salts It ijeither lost its motion nor coagulated. 

^ Sliver "bromide as first precipitated in the presence of gelatme ui a state of fine- 
division is too insensitive for photographic purposes. It has to he "ripened" by pro- 
longed digestion in the heat or in preaeuce of ammonia, thus mcreoaing the size of the 
gvaina by recrystallieation. The ripening may probably ho a chemical process quite 
independent of tlii3^,Afld may depend,^ on incipient decomposition of the silver bromide 
by the gelatine The same effect may probably he produced by applying other substances 
without producing the imdesiiahlo increase lu the gram 
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up pure oil and water very soon separates out again into its 
components, it remains stable when a little saponin, soap, gall salts 
or other substances which go into the surface layer, is added to 
the water. _ The making of butter, too. depends on the destruction 
ot the casein layers, which protect the globules of butter: ivhen 
these are destroyed (by the acid produced), the globules can unite 
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THE KINETIO THEORY OF GASES 

PreBSure and Volume. — The exceedingly simple mechanical properties 
which make themselves evident in the uniform comportment of gases 
towards changes of temperature and pressure have from the first 
invited attempts to deduce them as necessities by means of some 
simple mechanical construction. As far back as 1738, Daniel 
Bernoulli worked out a conception in agreement with that in 
vogue at the present day. Yet only recently, and in especial by 
the work of Clausius and Maxwell, has its scope been widened, 
and applications of it made to various phenomena. 

The fundamental phenomenon is the expansive tendency of gases, 
in virtue of which they fill uniformly any space offered them. No 
intelligible results were arrived at so long as the existence of a 
repulsive force between the gas molecules was assumed from analogy 
with the attractive force of gravitation acting through space. Only 
when the property in question was conceived as a pure phenomenon 
of motion was the framing of an intelligible hypothesis followed 
by success. 

According to this hypothesis a gas consists of a large number of 
small particles which do no? remain at rest each in its place, but move 
about amongst each other with great velocity. In consequence, as 
soon as free apace is offered to a gas, the molecules already in motion 
towards that space fly into it, with the result that it is very rapidly 
filled with the gas. In virtue of this continual movement there is on 
the average the same number ef molecules per unit volume in every 
part of the space occupied by the gas, i.e. the density is everywhere 
the same. ■ , 

As the movements take place in all directions, it must happen that 
molecules in rapi^ motion reach the walls of the vessel in which the 
gas is enclosed, rebound from them, and fly back into the iTJ^Srior. 
Through these continual impacts the gas exercises a pressure on the 
walls, which manifestly must increase” both with the number of mole- 
cules and with ±ffe mass and«velocity of each. 

To find this pressure, let us imagine a cube whose side is equal 
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to 1. Let the number of molecules the cube contains be n, and let 
them be all of the same kind, each having the mass m and moving 
■with the velocity c. Finally, let the motions take place similarly in 
all directions. 

We consider first one molecule which is flying in any one 
direction with the velocity c. According 1o the laws of kinematics, 
wo may decompose this velocity into three components x, y, and z 
at right angles to each other, which are connected with c in the 
same way as a rectangular parallelepiped to its diagonal, viz. 
X- + y'' + z“ = c®. 

Let the three components be parallel to the edges of the cube. 
The action which the molecule exercises in striking a side of the cube 
in the slanting direction with the velocity' c is equivalent to that 
which it would exercise if it reached the same place with the com- 
ponent velocity perpendicular to the wall in question. If we consider 
in the first place the component x, then this action is equal to 2mx, 
because on striking it must first lose the momentum mx and then 
assume the same quantity in the opposite direction when it rebounds, 
the elasticity being perfect. 

This action of a single impact will take place y times in unit 

time against the tw'o parallel faces of the cube, i e. as many times as the 
distance x in unit time is divisible by the distance 1 between the 
faces of the cube. The total action of a molecule in the unit of 

time will therefore be equal to 

The same holds for the two other components, so that the action 
of one molecule in unit time on all the faces of the cube will be 

2uic^ 

- j-(x‘^ + y® + z®), or, according to the above equation, — ; and of 

all the molecules, — . To find fronr this the pressure p per 
unit of surface we must divide it by the total surface exposed to the 
pressure, which in this case is 6!’ j it follows that p = or, as 

!■' IS the volume of the cube v -- 

1 

pv = -mnc‘ 

This is the relation devoloiied on the basis of the hypothesis given 
abovfills to the mechanical constitution of gases. As in the right- 
hand member of the equation we have for a given quantity of gas 
only constant values, it follows that the product of pressure 
and volume in such a mechanical system ^must also be 
constant, and so we have Boyle’s law. 



lAl" XXIII 


THE KINETIC THEOBY OE GASES 


606 


The extension of this proof for the cube to a vessel of any form 
can be made -without difficulty, since the latter may be supposed 
built up of small cubes. The internal walls experience equal pressure 
on both sides, and thus may be imagined altogether absent without 
the system being changed. 

Temperature. — The quantity mn in the last equation, since it is 
the product of the mass of one melecule into the number of molecules, 
is equal to the whole mass of the gas. Half the product of a 

moving mass and the square of its velocity, m— , is called its kinetic 
energy. Now we can write our equation in the form 
2 c* 

pv^guin-, 

so that the result may be expressed thus : The product of pressure 
and volume of a gas, or its volume energy, is equal to two-thirds of 
the kinetic energy of its molecules. 

If, therefore, we have different gases at the same volume and 
pressure, the total kinetic energy of their molecules must be the 
same. 

This evidently holds for every value of the kinetic energy. If 
now we alter the temperature of a gas, either its pressme or its 
volume will alter, in general the product of the two. As of the two 
factors of the kinetic energy, viz. mass and velocity, the first can 
undergo no change, it is clear that with a change of temperature 
there must be a change of velocity, and the square of the velocity is 
proportional to the absolute temperature. 

Two gases are in equilibrium as regards temperature when they 
do not influence each other on contact with respect to pressure and 
volume. If we now ask under what circumstances two mechanical 
systems such as we suppose gases to be, exert no influence on each 
other (the masses of the moving particles being different), dynamics 
teaches us that this happens when the kinetic energy of the moving 
particles is the same ; the actual calculation is too involved to be 
given here. Equal changes of temperature, therefore, in different 
gases correspond to equal changes of kinetic energy. As, however, 
on the other hand, the product pv is always proportional to the 
kinetic energy, it follows that in different gases equal changes 
of temperature cause proportionate changes of the product 
pv. This is no other than the law of the expansion of gases in 
its most general form, and so it also may be represented a9»sp» con- 
sequence of our mechanical assumptions. 

The Number of Molecules. — Lastly, we may deduce Avogadro’s 
law that in equaF volumes ofi different gases there is under the same 
conditions the saqie number of molecules. If Pj^ and Vj be the 
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presaui’e and volume of one gas, and p, and be those of a second, 
and further, if pj^ = p^ and Vj = r^, then pjV;^ = p^Vj. Now it has been 

shown that pv = ^mn^, so we have, omitting the factor ^ oil both 
sides, 



According to the proposition mentioned above two gases have 
the same temperature when the kinetic energy of their individual 
molecules is the same, i.e. when i 



Dividing the first equation by this one wo get 


111 = 112 , 

ic. if the pressure, volume, and temperature of two gases 
be equal, then the number of molecules in each is the same. 
We thus arrive in a perfectly independent, although hypothetical, 
way at the same conclusion as we reached earlier as being the 
most probable expression for the chemical facts. 

Velocity of Molecules. — The relations just developed may, lastly, 
be used to calculate the velocities with which the molecules 
of different gases must move in order to exercise the pressure 

actually observed. The equation pv = ^mnc^ gives when solved for o 

the expression c = 

If we consider 1 g. oxygen at 0° and, 76 cm. pressure, the mass 
mn is in the first place = 1, and the volume of 1 g. oxygen under 
these conditions is v = 699'8 (p. 42). The pressure is equal to 
1013130 absolute units. If we perform the calculation we find 
c = 46100. 






A molecule of oxygen moves, therefore, through space under the 
given conditions with a velocity of 46100 cm., or over a quarter of a 
mile per second. 

In the formula c = the quotient ^ or the mass divided 

by tli^olume, is simply the absolute density. If this be represented 
by s, we have molecular velocitms of gases are 

inversely proportional to the square root of their densities. 
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We have no means of observing these velocities directly, but if 
different gases be allowed to stream through a small opening in a 
thin wall, the velocities with which they do so are inversely 
proportional to the square root of their densities. This is indeed no 
direct support to our hypothesis, for a general dynamical considera- 
tion shows that this must’ be the case, without any assumption as to 
the constitution of gases being made at all. It is, however, note- 
worthy that the kinetic theory of gases, in so far as the velocity of 
effusion is considered as conditioned by the velocity of the molecules, 
leads to the same conclusion. 

It might be asked how, in spite of these enormous velocities, a 
strongly smelling gas developed in one end of a moderately large 
room filled with still air ’is not immediately perceptible at the remote 
end, but requires a sensible time to arrive there. In fact, this 
question has been raised as a decisive objection to the admissibility 
of the kinetic theory. 

Clausius answered it by dranung attention to the circumstance 
that though the molecules actually possess such velocities in their 
free paths, yet these free paths are in all probability very short on 
account of the frequent collisions of the molecules with each other. 
The actual path of a molecule is thus not a long straight line, but an 
irregular zigzag composed of very short straight lines, on which the 
molecule, despite its great velocity, is in general not far reinoved 
from its starting-point. 

A second question-js, whether, if this be the case, it is admissible 
to assume that all the molecules of a gas have the same velocity. 
By such incessant collisions some molecules must evidently acquire a 
greater velocity and others a smaller, so that in general at a given 
instant there will be all possible velocities in one and the same gas. 

We must grant this. But the above deductions still hold, if we 
determine the velocity c, so that the total kinetic energy of the 
molecules, if they all hadithis same velocity o, would be equal to the 
kinetic energy they actually possess. Instead of the expression 
“ kinetic energy ” we should, strictly speaking, substitute “ average 
kinetic energy ” in the above deductions. This of course does not in 
any way alter the general results arrived at. 

Clerk Maxwell calculated the distribution of the velocities for 
a mechanical system such as we have assumed, if a fixed state were 
established. The expression can only be deduced in a very complicated 
manner, and has the form 



where y represents the prohiibilitys that a molecule has the velocity 
X, if the most probable velocity is put equal to unity : w is the ratio 
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of the circumference of a circle to its diameter, and e the base of the 
natural logarithms. 

Mean Free Path. — From these considerations we can picture to 
ourselves somewhat more exactly the nature of a gas according to 
the kinetic hypothesis. The molecules are moving in all directions 
with very different velocities, and are continually encountering each 
other. We must for given conditions assume a mean free path 
which the molecule pursues undisturbed before it comes in contact 
with another. The molecules will evidently encounter one 
another all the more seldom the farther apart they are, and all the 
more frequently the larger their cross section. The mean free path 
L is thus directly proportional to the space allotted to each molecule, 

i.e to if we designate by n the number of molecules in unit 

volume. It is further inversely proportional to the cross section 
of the molecules, if we understand by C distance closer than 
which the centres of gravity of two molecules cannot approach. The 
exact expression is given by 0 E. Meyer in the form 



( ahd n are both unknown, but from the phenomenon which led us 
to the question of the free path, viz. from the velocity with which one 
gas penetrates into another, the velocity of diffusion, we may 
draw conclusions as to their magnitude. The theory of these 
processes, as well as of the nearly related phenomena of gaseous 
friction and conduction of heat, is still by no means completely 
worked out, in spite of many efforts in this dheotion ; yet we have 
got so far that the values of the free paths determined in different 
ways agi’ee pretty well with each other. They are extremely small, 
in the case of air, for example, 10~® cm., which is beyond the range 
of microscopic visibility. 

Molecular Sizes. — When L has been determined, then, as may 
bo seen from the equation, we are in a position to calculate ii^, 
the sum of the cross sections of all the molecules contained in unit 
volume. In tins way we find that these cross sections amount to 
more than 1’6 sq. metres in 1 ocm. of air. This comes from the 
enormous number and small size of the molecules, for the more 
finely a mass of given density is divided the larger will be the total 
cross section of its particles. 

OrfiU'other datum is required before we can estimate the 
dimensions of the molecules. This is found by determining the total 
space occupied by the molecules.' 

If the molecules in a given mass off gas take up' a measurable 
part of the space, this circumstance must have an. influence on the 
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validity of Boyle’s law. For example, if tie diameter of a molecule 
moving at right angles to two parallel walls of a cube be a hundredth 
part of the distance between them, the number of encounters will 
evidently be greater than if the molecule possessed no extension, for 
the molecule has each time to traverse, not the whole distance 
between the walls, but ths.t distance minus its own diameter. The 
pressure will therefore, on account of this circumstance, increase 
more rapidly with decreasing volume than Boyle’s law requires. 

A correction for this may be easily introduced. If b be the 
space occupied by the molecules, then Boyle’s law does not apply to 
the whole volume v of the gas, but to the space not occupied by the 
substance of the molecules, v - b (c/. p. 47), and matead of the 
aquation pv = KT we get. 

p(v-b) = RT. 

This correction b is of all the greater importance the smaller the 
volume is in which the gas is confined, and therefore can only be 
accurately observed at high pressures. It explains the irregularities 
which Eegnault observed in the case of hydrogen, and which, 
according to the researches of Natterer and Amagat, appear in all 
strongly compressed gases (p. 47). In this way Budde (1874) 
calculated that for hydrogen, for instance, b = '00062 at a pressure 
of 76 cm. of mercury. Van der Waals then showed that, on the 
assumption of the kinetic theory, b is not to be taken as the 
molecular volume, but as four times the molecular volume, because 
of the motion of the molecules. 

Now the total cross section of the hydrogen molecules in a cubic 
centimetre at 76 cm. pressure, according to the calculations given 
above (p. 608), amounts to 9600 sq. cm. If we call x the side 
of a molecule supposed cubical in form, 9500x must bo equal to 
the total volume of the molecules, ie. '25 x 00062 ccm., whence 
x= 1-6x10-8 cm. 

The numbers obtained’ for other gases are very similar ; they are 
usually a little smaller, but are generally independent of the atomic 
weight and the complexity of the substance. As these values are 
still very uncertain, they need not be given here. Still, the 
“dimensions of molecules” thus found have a physical significance 
quite apart from the kinetic theory. They are the dimensions below 
which the properties of the substance become difterent from those 
exhibited by the quantities which we are Rocustomed to deal with. 
They have been already discussed in this connexion (p. 83). 

Number of Molecules. — ^From the molecular dimensions vj^^q^n at 
once deduce the number of molecules in a mol, which, according 
to Avogadro’s rule, is independent of the nature of the gas. 
The volume of a,molecule, supposed to be cubical, and with a side of 
1-6x10-8, is'4-lxl0-8* ccm. As 1 ccm. of hydrogen has a 
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molecular space of '25 x -00062 com., that of 1 mol of hydrogen 
is 22400 times as great, as this is the volume of 1 mol of hydrogen 
(and of any other gas) at normal temperature and pressure. From 
this the molecular space of 1 mol of hydrogen is 3 '47 ccmT., and 
this divided by the above volume of a single molecule, gives the 
number of molecules in one mol as -85 x 10^*, or in round 
numbers 10-*. 

Calculations of this fundamental value of the kinetic theory, 
based on various other data, yield results which are a little higher 
or a little lower than this. The most probable value is -71 x 
(Perrin, 1908). 

The Kinetic Theory of Liquids and Solids. — While the kinetic 
theory of gases has led to a very remarkable series of conclusions, 
the later confirmation of which has given us some confidence in its 
expediency, the development of a corresponding theory of the two 
other states of aggregation is still in its infancy, though hopeful 
beginnings have been made. The statement must suffice that 
mechanical reasons lead to the radical assumption that the mean 
kinetic energy of a molecule is independent of the state of 
aggregation, and is the same as that of a gas at the same tempera- 
ture. The molecules of the same substance, therefore, move at the 
same temperature with the same velocity, whatever be the state of 
aggregation ; only the nature of their paths is different 

The dominant factor in the case of liquids is the internal pressure 
(p. 81) which is merely a correctiou factor in the gas equation, but 
here conditions the volume proper of liquids, really independently of 
the external pressure. It also governs the phenomena of surface 
energy, of compressibility, thermal expansion, etc. 

While the molecular motion in liquids must he assumed to he 
uiuform in all directions, since they are isotropic in every property, 
crystalline solids exhibit ordered anisotropiam, i.e. suitable 
properties are functions of the directicn in accordance with the 
general laws of symmetry, which find tfieir highest expression in 
the crystal form. Hence the assumption that the molecules have 
different properties in different directions, and that in crystals 
they are arranged either parallel to each other or at least in congruent 
relative positions {e.g. alternately perpendicular to each other), so 
giving rise to anisotropism 

The immediate conclusion from this, that the form of the 
molecule, indicated by" the chemical constitution, must find ex- 
pression in the crystal form, has not yet led to any simple general 
resiiltsL—in spite of the attention which has recently been devoted to 
the idea ; in certain special cases, however, some relations of this kind 
have been recognised. 
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CHAPTER XXIV 

EADIANT ENERGY 

General. — ^Were it not that the available amount of free energy is 
continually replenished from the sun, it is safe to say that activity 
on the earth would long ago have been at a minimum, in virtue of 
the general dissipation of free energy, which constantly equalises differ- 
ences of intensity wherever they exist. The sun sends forth into 
space unceasingly an enormous stream of energy, of which the earth 
receives only a very sinall fraction, namely, that which corresponds 
to its visual angle from the sun By far the greater part of this 
again is dissipated without performing any definite work, as it 
merely keeps up the mean temperature of the earth’s surface in spite 
of its radiation mto space, and only an exceedingly small part of it 
IS stored up by plants in the shape of chemical energy. On this 
fraction of a fraction of the sun's radiation live men, animals, and 
plants, the inhabitants of ^e earth and sea. 

The energy which we (and the other planets) obtain from the 
sun in this way, is known as radiant energy. Light is a relatively 
narrow section of the many forms of radiant energy, viz, the part 
which can produce certain cheijiical processes in our eyes, and thus 
gives rise to light perception. From the physiological point of view, 
light (as a sensation) is first of all a transformation product of 
radiant energy. Another very frequent tfansformation product is 
heat, and this has given rise to the name radiant heat. But this is 
no more justifiable than it would be to give heat obtained fsM^^the 
transformation of kinetic energy the name of flying heat. 

Radiant energy is known to us -almost entirely from its trans 
formation produats, for it is^the mpst immaterial of all the kinds of 
energy, ie. it is practically unconnected with the spatial systems, 
611 
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witHn which wa encounter mass and weight, and which we there- 
fore call matter. It moves freely through space without any observ- 
able material carrier. Taking into account our usual, habit of 
thought, according to which energy cannot be imagined without some 
carrier, a hypothetical carrier has been introduced under the name 
of the ether. It makes no actual difference whether the properties of 
the ether are ascribed to space itsolf, or to a special, space-filling 
something. For the latter can never be proved, but only the 
presence of energy in the space ; for this reason it can never make 
any actual difference whether the properties of these spatially dis- 
tributed energies are put down to the apace itself or to a “ carrier ” 
present at the same place. For even if we accept the proof of the 
spatial heterogeneity of substances, or of their atomic structure, as 
satisfactory (as has been done above), this means neither more nor 
less than the substitution of rhythmic differences instead of a 
continuous arrangement in space, of those energies, the coexistence 
of which in space produces the particular properties of mass, weight, 
chemical nature, etc. ; tlie rhythmic differences are of such a kind 
that the energy in question has a much greater concentration in 
certain points than in adjacent points. In other words, the 
energetic conception is not lu contradiction to the 
atomic conception j the latter, on the contrary, must fulfil 
all the requirements of energetics, if it is to develop its 
particular conceptions A grained or atomic structure of the ether, 
».s. the space in which radiant energy acts, is not necessitated as yet 
by any known experimental fact. But, on the other hand, it is now 
practically certain that the energy of radiation is electromagnetic 
in nature, and it has been shown that electrical energy is very 
probably grained, or discontinuous in nature, like mechanical energy. 
To a great extent electrical phenomena can be referred to the action 
of oloctncal elementary particles, the electrons 

Thus radiant energy is very probably _not an absolutely distinct 
kind of energy, the only connexion of which with other forms is 
their mutual transformation, but rather a special form of activity of 
electromagnetic energy, as sound is a special manifestation of kinetic 
energy and volume or elastic energy. The very special forms of this 
activity and its enormous importance in the economy of the earth, 
and of the whole known universe, fully justify their special treat- 
ment, just as heat is treated as an independent branch of science, 
and not as a separate'' division of mechanics, which from what 
has been already stated (p. 486) is quite justifiable on scientific 

grojip-do' 

The Properties of Eadiant Energy. — As radiant energy represents 
no specific kind of energy, it has not the properties of one, in par- 
ticular it has not the characteristic factors of capacity and intensity. 
With this is connected the fact that it can neither be concentrated 
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nor isolated, but must be treated in dynamic equilibrium witb its 
surroundings, for it is formed and transformed automatically. 

That it really is an energy is proved by its transformations. A 
radiating object loses energy, when it is doing nothing else but 
radiate ; energy is formed when radiations are absorbed. It travels 
through space with very -great, but not infinite, velocity, the rate 
being 3 x 10^“ cm. per second, when no other kinds of energy are 
present. If they are present, especially if substances are present 
in the space, the propagation seems to be retarded. 

If the radiation is absorbed by some obstacle, and is transformed 
into another kind of energy, the absorbing object experiences a 
pressure which is equal to the specific density of the radiant 
energy, ie. to the energy in unit space. The direction of this 
pressure is the same as that of the radiation. This results directly 
from the fact that a pressure is equal to an energy divided by a 
volume. The pressure is greater if the absorption, i.e. the trans- 
formation of the radiation, is incomplete, and is doubled if the 
object completely reflects the radiation, as then the same apace is 
filled with radiant energy of opposite direction. In spite of its 
extraordinary smallness, it has been found possible to measure this 
pressure (Lebedeff, 1901). It is so small because the space filled 
by radiation is very large in comparison with the amount of energy 
emitted in the interval, the velocity of propagation being so- high. 
By way of illustration we may calculate the pressure of sunlight. 
The sun’s radiation to the earth’s surface develops about ’03 cal. 
ie. Vi X 10“ erg per sq cm per second, and fills a cyhnder of 1 sq. 
cm. cross-section and 3 x 10^“ cm. length. The pressure is then 
‘5 X 10~^ absolute units, or, as one atmosphere is about 10“ units, 
•6 X 10"““ atmospheres, equivalent to one two-millionths millimetre 
of water. While this is without any appreciable influence so far as 
ordinary mechanical phenomena are concerned, it is not so when 
the objects are very smaili, for the pressure on unit weight of a 
powder or mist subjected to radiation is a function of the specific 
cross-section, which, like the specific surface (p. 474:) increases with 
the division. The significance of this from the point of view of 
cosmic processes has been clearly stated by Arrhenius (1900). 

Beside the characteristic oj a definite velocity of propagation, 
radiant energy has those of definite periods and wave-lengths. It 
IS possible to resolve any radiation into a limited or unlimited 
number of individual radiations, each one oT which has an absolutely 
fixed time period. The path of this radiation is divided into layers, 
in which the saihe difference is repeated. The thickness iif»-til)6S6 
layers is called the wave-length of the radiation, and the number 
of periods in a second is called its oscillation frequency. The 
following relation holds betyveen ([he wave-length 1, the oscillation 
frequency n, and the velocity of light c ; — nl = c, ie. the number of 
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oscillations in a second, put together lengthwise, gives the distance 
traversed by the radiation. The wave-lengths of some kinds of 
light in common use are given on p. 227. 

Eelation to Chemical Energy. — ^The importance of radiant ehergy 
for the subject of this book lies in the mutual transformation 
between it and chemical energy. Consideration of the energy 
used by living organisms, and of that available for technical purposes, 
at once shows that chemical energy is the most important of all. 
Further inquiry shows us the source of this energy, the radiation 
from the sun to the earth’s surface; There it passes mainly into heat, 
and indirectly into the mechanical energy of meteorological processes, 
seen in the movement of air and water. Another more important 
portion of the radiated energy assumes through the instrumentality 
of plants the permanent form of chemical energy. 

Through the action of sunlight there takes place in plants a series 
of important chemical processes, the details of which are mostly 
unknown to us, but their result is that the carbon dioxide of the 
atmosphere is decomposed into oxygen, which escapes, and compounds 
of carbon, starch in particular, which remain. As the heat of tlie 
combustion of starch into carbon dioxide and water is 17'24 k]. per 
gram, this amount of energy is necessary in order to form starch 
from the carbon dioxide and water at the disposal of the plants, and 
is supplied entirely by the radiant energy from the sun, for with- 
out sunlight plants are unable to effect the reduction of the carbon 
dioxide 

We see at once how this process affords us energy in a much 
more useful form than the meteorological processes, and in reality 
the portion supplied by the latter to drive wind-mills or water-wheels 
is very small compared to that stored up for us by the action of 
living plants. All fuel has this origin, and the animal organism can 
satisfy its requirements for energy in no other way than at the cost 
of the energy stored up in the vegetable iifprld. 

As the store of fossil fuel is not boundless, and cannot be re- 
newed, the important question arises, what will become of our 
civilisation, when it is all used up. The answer is firstly that the 
above-mentioned meteorological energy m the form of rivers and 
water-falls is being much more fully -utilised, since a way has been 
found of converting it into electrical energy For the more distant 
future, the ideal is to convert radiant energy from the sun directly 
into electrical energy. As green plants, even under the most favour- 
able circumstances, store up only 1/150 of the sun’s radiation, there 
is plenty of room for improvement. 

Image Pormation by Badiant Energy — Another and very im- 
portant peculiarity of radiant energy is the extreme delicacy of its 
distribution in space. In striking contrast to heat which clings 
to matter and is continually subjected to a process of obliteration or 
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diffusion, radiant energy retains in the minutest particular all differ- 
ences m position originally imparted to it, even after it has moved 
millions of miles through space. 

On this property depends in the first instance our power of 
seeing, which, to use HerschePs phrase, endows us more than any 
other with the attribute Of omnipresence. The numberless minute 
differences possessed by radiant energy when it leaves matter, generate 
in the retina corresponding chemical changes, which give us a more 
faithful and more complete conception of the external world than 
is given by any other sense. This same property has also acquired 
technical importance: in photography, processes of quite com- 
parable character are excited on a plate sensitive to light, which 
render possible the pertaanent preservation of an exact record of 
momentary states and phenomena. 

Early History. — Photochemistry, then, like thermochemistry, 
was first developed round physiological and technical problems, 
the commencement in both cases being made about the same 
time. Priestley in 1772 made the observation that green plants 
in sunlight improve air vitiated by breathing; Senebier and 
Ingenhouss thereupon recognised that the process consisted in a 
decomposition of carbon dioxide with elimination of oxygen. The 
important part played by this in nature was, however, first 
appreciated at its true value by Liebig (1840), and J, E. Mayer 
(1842). 

The oldest observations on light- pictures obtained with silver 
chloride were made by J. H. Schultze(1727), but remained isolated. 
The power of different rays to exert different actions on a sensitive 
substance was recognised by Scheele (1777), who first photographed 
the spectrum. Eitter discovered in 1801 that the chemical action 
extends even beyond the visible spectrum. Wollaston then took 
advantage of the blackening of silver chloride to copy silhouettes. 
Photography proper comi^ences with Daguerre (1838), who dis- 
covered the development of light-pictures, on which rests the 
possibility of retaining the pictures of the camera obscui'a, and of 
photographing with great rapidity. The principle of it is that 
extremely feeble photochemical actions, themselves unable to effect 
any visible alteration on the sensitive surface, may afterwards have 
their effect rendered apparent by suitable treatment of the surface, 
and thus be converted into a picture Althpugh the means of arriv- 
ing at this result have greatly changed since Daguerre’s time, the 
principle still remains the same. 

Emission and Absorption. — Although the mutual transfortasteons 
between chemical and radiant energy form by far the most im- 
portant part of our present considerations, some of the others must 
be dealt with id 'outline at Jeast, as they have a bearing upon the 
chemical question. ^ 
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Radiant energy is most easily obtained from heat, and it is known 
that a heated body is continually losing radiant energy, the amount 
of which depends on its surface, its temperature and the -nature of 
the surrounding space. This is so general that radiant energy used 
to be called radiant heat. As it has none of the special properties 
of heat, and its formation is not exclusRely confined to heat, this 
name is to be rejected as one-sided and fallacious. 

If objects of different temperature are brought into a given space, 
they do not require to touch each other in order to equalise the 
temperatures; this can take place by radiation. There is, con- 
sequently, a very important relation, which was stated by 
Kircbhoff (1859). Let us suppose, for the sake of simplicity, 
two equal surfaces of different temperature' and of different nature 
placed opposite to each other in such a manner that their radiations 
can reach only each other ; an interchange of energy will take place, 
and at last the two objects will be at the same temperature. This 
must be so, according to the second law, since what is in equilibrium 
(as regards temperature) in one way, by radiation, must be so in all 
other ways, therefore by direct contact. 

In this equilibrium the radiation absorbed by each surface is 
exactly balanced by the radiation sent out fiom it. If the amount 
of energy radiated in one second from the first surface, or the 
amission coefficient is A, this will be only in part absorbed by the 
second surface ; we denote this fraction by bA, where b is the absorp- 
tion coefficient of the second surface. The part (1 - b)A returns to 
the first surface and is absorbed by it. The first surface loses there- 
fore bA. Further the second surface ladiates B to the first surface, of 
which aB is absoibed- this is the actual loss of the second surface, 
the rest returns to it. The total energy lost by the first surface is 
bA - aB and by the second aB - bA. Now, in equilibrium, %.e. at 
the same temperature, the two losses become zero, from which we 
have bA = aB or A/a = B/b, i.c the ratio'rbetween the coefficients of 
absorption and emission is tho same for all substances, when they 
are at the same temperature. 

As the temperatures equalised by moans of radiation remain so 
when the simple conditions mentioned above are replaced by any 
others, it follows that the rule must- apply to all kinds of surfaces 
and all kinds of rays. In particular, it is out of the question that 
only the total absorptiop and emission are proportional; the ratio 
must be the same for every single kind of ray (distinguished by its 
period and eventually by its plane of vibration) 

"Tf, Tiierefore, an object can emit any particular rays in abundance. 
It necessarily has the power of absorbing the same rays in equal 
abundance from other objects. ' Conversely, if a surface could reject 
all incident rays, it would not be»in a pssition to send out any rays. 

We can imagine as a limiting case a body which absorbs all the 
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incident rays without reflecting any of them ; its absorption coefficient 
would be unity. If this bo the first body, a would = 1 and S = B/b, 
where S is the emission coeflScient in this particular instance. Such 
a body is called black , the equation indicates that the emission of 
a given body B is always smaller than that of a black body in 
the ratio of its absorption’coefficient b. In other words, the radiation 
of a given body is obtained by multiplying the radiation of a black 
body by the absorption coefficient of the body. 

The Temperature Law of Eadiation. — The radiation of a black 
body IS thus an extremely important fundamental magnitude. It 
depends on the temperature, and increases as the fourth power of 
the absolute temperature (Stefan, 1879 , Boltzmann, 1884). The 
amount of energy radiated in one second by one square centimetre 
IS expressed by the formula ; 

S = rr32 x lO-'^Ti erg. 

As a black body in this sense is only an abstraction, the question 
arises, how it can be experimentally realised. The answer is that 
a small opening in a space, the walls of which consist of any desired 
material at the given temperatures, acts as a black surface of the 
size of the opening. The proof of this is that a radiation penetrating 
into such a space will at last be completely absorbed in conse'quence 
of the numerous reflections from the partially absorbent walls, before 
any part of it finds a way out through the opening. Such a space 
has, therefore, the absorption coefficient 1, and consequently it has 
the emission of a black blody (Kirchboff, 1859; Lummer and 
Pnngsheim, 1900). 

The amount of radiation of individual periods is also a general 
function of temperature. Eecent investigations have led to a general 
result, but details cannot be given here 

Spectrum Analysis.^An important relation between radiant 
energy and material substances is that the production and trans- 
formation of radiation on them present regularities in respect to 
periods. In 'many instances, only radiation of fixed period is 
evolved or transformed, and this indicates the periodic character 
of the substance concerned. Conversely, we may conclude, from 
the absence of specific emissions or absorptions, that these periodic 
properties are not present, or, what amouigts to the same thing, that 
the properties in question have all the possible periods within the 
present limits. , 

Owing to the direct connexion between emission and afesorption, 
there are two methods of estimating these periods ; either the 
radiation which the substance emits is examined, or a radiation 
containing all.^fossible peiieds is sent through the substance, and the 
periods which are absorbed are ascertained. Both methods are in 



518 


OUTLINES OP GENERAL CHEMISTRY 


use; they have given the same results in eases where both could 
he applied to the same substance under the same conditions . 

The simplest behaviour is that of gases When gasas'are.made 
luminous by raising their temperature or in some other way (e.g. 
by means of electrical discharges), they omit rays of definite period, 
which depends on their chemical nature, but is within very wide 
limits independent of the temperature (Bunsen and Kirohhoff, 
1869). The periods are not restricted to a single one for each 
substance; the number of periods for any substance is extremely 
great when the investigation is extended over a sufficiently wide 
range of temperature; but they are situated m isolated positions 
over wide tracts of the periods present, and all the intermediate 
periods are absent. 

To render them visible together, use is made of the dispersion 
produced hy a prism of glass or of some other transparent substance, 
or of diffraction at a grating. The light is placed behind a narrow 
slit, which is at the focus of a condenser ; the parallel beam so ob- 
tained is sent through the prism. The light is refracted to a different 
extent according to its period, and when the parallel beam is viewed 
through a telescope, focussed for infinity, there appear, instead of 
the simple image of the slit, as many distinct images side by side 
as there are difi'erent kinds of rays in the source of light. The light 
of incandescent solids and liquids usually contains rays of all periods. 
The image then appears as a continuous hand of light, in which all 
colours from red to violet are present in continuous succession. If 
only some periods are present, there appears, in place of the 
uninterrupted band, a series of sharply defined lines of the width 
of the slit. These images, in which the rays are arranged in order 
of their periods, are called spectra, and the apparatus is a 
spectroscope. 

While there is no simple connexion between, the periods and 
the deviation of the rays in the spectrum produced by refraction in 
a prism, there is such a relation in the spectra produced hy a 
diffraction grating The production of these spectra is explained 
in the text-books of Physics ; all that need be said is that the angle 
of deviation is proportional to the wave-length of the refracted light. 
Consequently diffraction spectra arc much simpler theoretically. 
At the same time the dispersion of the different rays is much greater, 
so that the diffraction grating permits of a much more extensive 
analygiis of light than does a prism spectroscope. If the formation 
of the imago and the dispersion are produced in one apparatus by 
tho'^se'bf a grating ruled on a concave mirror of large radius, a 
very perfect spectroscope is obtained. 

To obtain the spectra of luminous gases and vapours, they are 
heated in a suitable manner, anffi the light analysed’ -by means of a 
spectroscope. The heating is most simply effected in the almost 
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non-lumiiious flame of a Buiiaen burner, into which the substance 
which gives off the desired gas by Vaporisation or decomposition is 
introduced. The temperatures of the flame, however, are not- high 
enough to mahe all gases luminous The electric discharge is used 
for higher temperatures. An electric arc is produced between two 
carbon poles, and the silbstance to be vaporised is placed on the 
positive carbon, as it is the hotter. The simplest arrangement is to 
use a hollow carbon tube, which is filled with the substance ; but 
for short experiments the substance may be placed in the crater 
formed on the positive carbon. 

Still higher temiieratures are obtained if electric sparks are passed 
between the electrodes, which consist of or contain the siibs'tance 
under investigation. If the substance is a gas at ordinary tempera- 
ture, the electrodes are surrounded with the gas 

In all these oases the spectrum is that of all the other substances 
present, as well as of the substance investigated. It is necessary, by 
means of preliminary investigations, to find out to what substances 
the different lines belong. This is often a very difficult matter, for 
mere traces of impurities often give well-marked spectra, without 
any other indication of their presence. 

Properties of Spectra. — The general laws, which have been 
discovered for the spectra of different substances, may be summarised 
as follows : 

A given spectrum always belongs to a given substance; 
different substances never have the same spectrum. 

The converse of this law does not appear to be true, for numerous 
oases are known in which the same substance gives different spectra. 
At first these differences were ascribed to different molecular states 
of the substance. This explanation is untenable, for there are 
several substances which give different spectra, and yet are only 
known in one state. Argon affords the most striking illustration 
of this. According to our present knowledge it must be regarded as 
a monatomic gas, which forms no compounds, and yet shows at least 
three essentially different spectra. 

The cause of this formation of different spectra seems to be 
mainly the difference of temperature. The temperature differences 
necessary to bring about the ohange vary very much. 

The spectra of compounds are different from the spectra 
of their elements. , 

While the spectra of different substances, which are present 
together, are quite independent of each other, i.e. are perfectly 
additive (on this depends the great value of spectrum aRaly^is, as 
no previous separation of the substances is necessary), no relation 
between the spectra of elements and their compounds is known with 
certainty. TliJk may be partly due to the difficulty of ascribing the 
' compound spectrum to any definite substance, as so little is known 
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with certainty about the compounds which are formed at high 
temperatures from any given elements. 

There is a connexion hetweeu the absorption spectra of, more 
complex compounds and the nature of the compound, as will he seen 
later. 

The various lines of the same s|iectrum are related to 
each other in an ordered manner. 

The general form of this connexion has not yet been established. 
In some cases the relation 

n = A-B/m‘-> 

holds, where n is the oscillation frequency, A and B are constants, 
and pi is the senes of whole numbers. This' relation is satisfied with 
very close approximation by hydrogen. In the case of other elements, 
a term with ojm* has usually to be added ; here, the lines of one and 
the same spectrum decompose into several different series with 
different values of the constants. 

Similar elements show a similar form of spectrum. 

A similarity in the spectra of the alkali metals was discovered by 
the first investigators, as the few lines developed m the Bunsen flame 
show an analogous structure ; the oscillations of the corresponding 
hues for potassium, rubidium, and cmsium become slower as the 
combining weight of the element increases. Similar relations for the 
constants of the senes mentioned above are found to hold for the 
much richer spectra of these elements in thee electric are. Similar 
analogies have also been found for the bivalent elements of the 
magnesium group. 

Absorption Spectra. — Compounds cannot as a rule be rendered 
luminous by heat without decomposition j attention has, therefore, 
been mainly directed to their absorption spectra. 

The relation between emission and absorption has been most 
accurately confirmed on gases. It givesTnse to the reversal of 
the lines. If under the prevailing conditions a continuous spectrum 
is formed m the presence of the gas, dark lines appear in place of 
the bright lines of the luminous gas. This happens if the continuous 
spectrum is much more luminous than the single radiations. The 
light has then to pass through a layer of gas j it thus loses these 
rays by absorption, and the lower intensity of the radiations emitted 
by the gas causes them tQ appear as dai'k lines on the bright ground 
of the continuous spectrum. The brightest lines are in general most 
easily reversed, as they represent the places of strongest absorption. 

■The absorption spectra of liquids or of solutions are essentially 
cliff'orent from those of gases; sharply defined lines, indicative of 
absorption in a quite narrow region, never occur. The absorptions 
are always more or less diffuse, and absorption bands, instead of 
lines, are the result. 
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Absorption in the visible spectrum, ivhicb leads to the phenomena 
of coloured substances, has because of its special interest been very 
fully , ini' estigated On this account, our knowledge of the subject 
has remained one-sided, and this is reflected in the absence of 
general laws. It can only be stated generally that it is a strongly 
constitutive property, ’’The simplest derivatives of the saturated 
hydrocarbons are transparent for most rays, and definite 
absorptions first occur ivhen particular constitutions are present. 
Thus the presence of nitrogen and of double bonds are favourable 
for absorption, still more do the various groups of cyclic 
compounds form the storehouse of absorbing substances. In the 
simpler cases the absorption is chiefly in the ultra violet, and only 
under certain conditions' does it extend to the visible spectrum. 

Within cognate groups a few particular relations are known, 
in so far as the introduction of certain groups into a coloured 
compound displaces the absorption in a definite direction. Thus 
methyl or other alkyl radicals, and usually also the halogens, 
displace the bands towards the red end, while the amido group, and 
often also the nitro group, displace them towards the shorter rays, 
The extent to which they are displaced also depends on the 
constitution. These have been embodied in certain rules, which 
are of great technical importance, for they indicate how a given dye 
can be converted into one of some other desired tone. 

The derivatives of fluorescein afford an illustration of this It has 
an absorption band ki the blue, and therefore appears yellow (by 
transmitted light). The introduction of chlorine, bromine or 
iodine displaces the band towards the green, and the displacement 
increases from chlorine to iodine. This causes the substance to 
appear red, and more purple red, as the band is displaced further 
towards the red end. This effect of the halogens differs according 
as the substitution takes place in the phthalic acid residue, or in the 
resorcinol residue ; it is smaller in the former case. 

Again, the absorption hand of rosaniline, which is situated in the 
green, goes farther towards the orange and yellow when methyl or 
phenyl is introduced, and the resulting compounds are coloiu'cd 
violet and blue respectively. 

Colour of Ions — Only in one case does considerable alteration of 
a constituent give rise to nd change in colour ■ in dilute solutions of 
salts. An investigation by Ostwald (1^92) showed, for example, 
that the five sharply defined absorption bands of permanganate 
solutions are in, exactly the same position, whatever salt of 
permanganic acid is investigated. The explanation of* thh; is 
found in the independent existence of ions, which implies that 
the properties of one ion are independent of those of other 
ions. As ahser'^tion phenemena are very sensitive to constitutive 
influences, this is a strong support for the theory of independent ions 
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Unionised snlts fronueiilly differ in colour from thoir tons 
irhus anhydrous cupric; clilorido is yellowish -brown, and cupric 
broniido is violet-black, while in dilute solutions they both possess the 
greenishj-hlue colour of cupric ion. It must be- noticed that a 
difference is generally to be expected, but it is not necessarily 
present. In the comiilex salts of trivMent chromium we have 
compounds which show on the whole the same absorption, in spite of 
constitutive differences of composition. It has not yet been made 
out what are the constitutive conditions which produce so small an 
effect on absorption. 

Electromagnetic Waves. — ^The region of absorption phenomena 
has lately been so ividoly extended that it now includes electro- 
magnetic radiation. 

When electrical oscillations are produced in a conductor, it sends 
out energy into the surrounding space, and this energy has the same 
properties, the velocity in particular, as the ordinary radiant 
energy known as light. If this radiation reaches electrical conductors 
it is absorbed with the formation of electrical currents, which again 
are transformed, in conformity with J oiile’s law, into heat according 
to the conductivity of the absorbing object Investigation of these 
phenomena has shown that all the essential properties of radiant 
energy are exhibited by them. This has led to the development of 
tho idea that radiant energy consists essentially of electromagnetic 
oscillations, and the electromagnetic theory of light based on 
this idea has actually proved adequate to represent the facts in a 
satisfactory manner It must be admitted at once that the energy 
obtained from electromagnetic oscillations shows absolutely no 
electrical or magnetic properties, so long as it is in the radiant 
condition. It has lately been shown that a magnetic field exerts 
a direct influence on light oscillations in the field ; light of definite 
oscillation frequency is resolved into two rays of slightly different 
frequency. This was predicted by Lorenf-a from tbo electromagnetic 
theory of light, and was subsequently proved experimentally by 
Zoemann (1904). 

The inclusion of electromagnetic rays has enormously enlarged 
the region of radiant energy, for rays of any wave-length can be 
produced in this manner. The absOrjition of electromagnetic rays 
by different compounds is subject to constitutive influences similar 
to those already observipd in the region of visible light (Drude, 
1897). Details cannot be given, but it may be mentioned that 
hydroxyl compounds have shown the power of absorbing rays of 10 
to 50 ciC. wave length. 

Conclusion as to the Nature of Substances. — The theoretical 
importance of the phenomena ol emission and absorption is that they 
enable us to recognise the presence of 'periodic phoperties in the 
radiating or absorbing substances j these periods must either be 



RADIANT ENERftY 


523 


identical with the periods of the radiation concerned or stand m 
a multiple relation to them. The periods may either he periods in 
timo,(atomic oscillations) or in space (atomic sizes); probability is 
in favour of the latter kind. What their nature is, is as yet miknown. 
Formerly, when light was regarded as the oscillation of a hypothetical 
elastic medium, the etheh, it was conceived to be the oscillation of 
the atoms : the difficulties which this entailed were, on the one 
hand, that the periods are in the highest degree independent of the 
temperature, and therefore of the amplitude of the oscillation, and, 
on the other hand, that the different rays of the same spectrum 
should stand in the same relation to one another as the overtones of 
a vibrating body, which cannot be reconciled with the facts. At 
present light is regarded as an electromagnetic oscillation, and a 
corresponding electrical nature (resonance of conductors) is assumed 
for substances which absorb. Investigations along this line have led 
to some very remarkable results, but not to such as can find mention 
here. 

Transformations. — ^Eadiant energy undergoes transformation on 
absorption. Heat is the chief product, but there are also cases >vhere 
other forms, and especially chemical energy, result The latter 
are of special interest for us. 

Conversely, chemical energy is frequently transformed into 
radiant energy. We must not think in this connexion of. the 
fact that in most lamps (with the exception of electric lamps) 
chemical processes supply the source of light energy, for these are 
chiefly secondary phenomena, the chemical energy being transformed 
into heat, a small portion of which passes into light owing to 
temperature radiation. But such phenomena as the luminosity of 
phosphorus, of many fungi (on decaying wood and occasionally on 
flesh), of the glow worm, etc., are examples These are not oases of 
ordinary temperature luminosity, for they are all under 60°, but of the 
direct transformation of chemical energy into radiant energy. The 
number of cases of “ chemiluminescence ” has been largely increased 
m recent years (W. Trautz). 

Accordingly, Photochemistry, or the theory of the mutual 
transformations of radiant and chemical energy, should be divided 
into two parts, one dealing with the formation of chemical energy 
from radiant energy, and the other with the reverse process. But 
the former alone has been fairly well develqped. Towards the latter, 
only a few observations of the kind just mentioned have been made, 
and the first rudiments of scientific treatment of the subject scarcely 
exist. We have consequently to deal exclusively with the Urst part. 
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THE CHEMICAL ACTION OF LIGHT 

(Jeneral. — PhoLochemical phenomena consist in the chemical changes 
which a system undergoes when radiant energy enters it. But 
before any action can occur, the energy must be transformed; 
absorption thus neces-sanly precedes all photochemical action. 

These actions can be divided into two main groups There is in 
the ope case, absorption of energy due to the absorbed radiation, 
resulting in the formation of new chemical products, which contain 
more energy (free and combined) than the original material The 
best known and most important example of this is ilmj;^uotion 
of carbonic acid by green plants, resulting in the formatibirdf 
starch aiid similar reduction products on the one hand, and the 
liberation of free oxygen on the other , 

In the- second group light acts as a oatalyser, accelerating 
reactions which are aheady proceeding at a slow rate, and which, 
therefore, are accompanied by a diminution of free energy. The 
union of hydrogen and chlorine is the best known example of this 
class ; as a large amount of energy is liberated during the reaction, 
it takes place spontaneously. But in the dark the rate is very slow, 
and is increased by light proportionally td,its intensity. 

It IS not impossible that the first effect in the catalytic actions 
is to increase the chemical potential of one or some of the reacting 
substances as a result of absorption of radiant eneigy ; this increase 
then accelerates the reaction This view is supported by the pro- 
portionality between the acceleratiom and the intensity of the light, 
which would not be expected if the process were simply a starting 
of the chemical action. ^Tho latter process must occur, when, as in 
the explosion of chlorine and hydrogen in sunliglit, the reaction, 
once started, proceeds rapidly to completion, owing to the high 
tem^ierii'Cnre produced (see below). 

Formerly the study of photochemical processes was restricted to 
the second type, but recently^ a number of reactions of the first 
type have been discovered. In , them ^-adiation acts as a form of 
energy participating in the equilibrium (Luther, 1902). 

624 
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Sensitiveness to light is to be expected of all substances which 
can absorb, and the diSerence between one substance and another 
becomes merely a question of degree. In fact, the list of substances 
which’ are changed by light is very large, and is constantly being 
added to. 

To obtain some idea of the way in which the chemical condition 
of a system may be changed by moans of radiations, we may suppose 
a number of different absorbing substances to be brought into a space 
of constant temperature. They will assume this constant tempera- 
ture A continuous radiation is then directed into the space, it is 
absorbed to different extents by tbe substances, and the absorbed rays 
are changed into beat ; tbe substances thus assume different tempera- 
tures, which are given by tbe ratio of the absoi’ption of the rays 
to the emission at the resulting temperatures.^ Goiisequeiitly their 
behaviour towards one another will not be the same as in the dark, 
and they will readjust themselves to the new conditions. 

Laws of Photochemical Action — Only a small number of photo- 
chemical actions have been investigated quantitatively The reaction 
between equal volumes of chlorine and hydrogen, first discovered by 
Berthollet, has been more fully investigated than any other 'They 
unite to form hydrogen chloride on exjiosure to radiations. If in- 
tense light IS allowed to act on moderate quantities of the gases, 
the union takes place in a few moments with an explosion , -if the 
light is moderated, the reaction takes place in a regular and slow 
manner. Under the, latter conditions it can be used to make 
measurements. 

Chlorine and hydrogen unite also in the dark, if the temperature 
is raised high enough, and locally raising the temperature of a small 
part, e.g by means of an electric spark, will cause any volume of the 
gas, however large, to unite with explosive violence. The cause of 
this IS the large amount of heat evolved by the reaction itself. This 
raises the temperature, m the vicinity where the first combination 
oeourred, to such a degree that rapid combination takes place there 
also, and thus the reaction is propagated through the entire mass. 
The same consideration applies to the combination under the influence 
of light. If the heat produced is carried away so slowly that the 
temperature becomes high enough to cause rapid union, combination 
becomes explosive. If tbe exposure to light takes place under 
conditions which preclude such a rise of temperature (it is better 
to avoid any appreciable rise), combination’ proceeds in a continuous 
and measurable rnanner. 

The measurement of the chemical action of light on the-hydregen 
and chlorine mixture is based on the circumstance that the hydrogen 

1 Kirohhoft’.s law (p. 610) cannot he applied in such a case, because we are not 
dealing bare witlnbl equilibrium between mutually opposite ladiatioue, for whiob tins 
law liolda, but wltli the action of an independent external soniee of radiation. 
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chloride is instantly absorbed by neater, while the absorption of the 
components is slight. The mixtiu’e is illuminated in contact with 
water (saturated with chlorine and hydrogen under the experimental 
conditions) in an apparatus which permits the measurement of the 
decrease in volume; the latter is a measure of the amount of 
combination. ^ 

An apparatus for this purpose was first constiucted by Draper 
(1842) ; Bunsen and Eoseoe later (1862) devised a more perfect 
form. 

The principal part of the apparatus is shown in Fig. 66 The 
mixture of chlorine and hydrogen prepared in exactly the right 
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proportions by electrolysis is led from h through the “ insolation ” 
chamber i, which is made of thin glass blown in the form of a flat 
circular box, and contains water in its blackened lower half. It is 
connected by a ground-glass joint with the measuring- tube k, which 
ends in the chamber 1, also filled with water. 

If light falls on the upper portion of i, hydrogen chloride is 
formed, and this is immediately absorbed by the water. A diminution 
of volume is the lesult, and the water Ik m the tube moves towards 
i ; the distance the water has moved is read off on the scale, and is a 
measure of the chemical action of the light. 

By this arrangement the product of the action of light, hydro- 
gen chloride, is removed as soon as it is formed ; and the apparatus 
remains in the same condition throughout the experiment. 

With this apparatus. Draper, and subsequently Bunsen and 
Eoseoe established the fundamental law ofephotochemioal action, viz, 
that the action of light is proportional to its intensity. 

Draper (1842) projected by means of a large lens an image of a 
nnifoimly illuminated white surface ou to his apparatus, which 
measured the action of light by the amount of hydrogen chloride 
formed from a mixture of chlorine ipid hydrogen, The result he 
obtained was that, when the lens was partially covered by sectors of 
known angle, the action was proportional to the uncovered surface 
of the lens. Hankel (1362) and Bunsen and Eoseoe confirmed 
this law. 

Jn this form the law refers to the action of a uniform radiation in 
unit time. If the radiation is variable, the effect in each fraction 
of the time is proportional to the radiation at that particular moment. 
If, then, each intensity of radiation is mjiltiplied byi-the time of its 
duration, the sum of the products is, according to the fundamental 
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law, proportional to the total chemical effect. The sum of the 
products, however, is the total energy of the radiation which has 
acted during the whole time; the fundamental law can thus he put 
in th^ form: in a given system the energy of the radiation 
which IS converted to chemical uses is a constant fraction 
of the total energy of^the radiation. 

It IS difficult to test the accuracy of this law, for the 
supposition that the natiu’e of the system undergoes no change 
during the radiation can never be strictly satisfied. In Bunsen’s 
apparatus, for instance, the hydrogen chloride is not instantly 
absorbed, but merely very rapidly ; there is thus always some 
hydrogen chloride in the apparatus during the work, and the amount 
is easily seen to be proportional to the velocity of the reaction, 
and not constant. Similar objections can be made in all such cases. 

Further, it was found by Bunsen and Roscoe that the union of 
hydrogen and chlorine is preceded by certain processes which decrease 
the velocity of reaction, so that a constant velocity is not reached 
until after prolonged exposure to a constant source of light. These 
phenomena of “photochemical induction” are also found in other 
oases ; they are probably due to very small traces of oxygen, lyhioh, 
in contrast with chlorine, has been found usually to retard photo- 
chemical actions The oxygen seems to be used up during the first 
stages of the reaction, after which the reaction proceeds normally. 

The next question is, What fraction of the total amount of radiant 
energy is utilised in chemical action in a mixture of chlorine and 
hydrogen ^ Bunsen and Eoscoe obtained an answer in the following 
way : 

A beam of light from a constant gas-jet was first passed through 
a cylinder filled with chlorine, and the loss by radiation to the 
chlorine (which warms the chlorine) measured. A cylinder of double 
the length, and filled with a mixture of equal volumes of chlorine 
and hydrogen, was then ^placed in the path of the beam. As 
hydrogen does not absorb rays to any measurable extent, tbe light 
on passing through the mixture should have been weakened to the 
same extent as in the chlorine alone, if it performed no other work in 
the second case than it did in the first. The weakening, however, 
was found to be perceptibly greater, so that the authors came to the 
following conclusion : — 

“ Of tbe rays from a gas-jet, which are absorbed by the mixture 
of hydrogen and chlorine, two-thirds serve’to beat the gases, while 
the remaining third is spent in performing the work necessary to 
put the two gases into such a condition that they can enter jpto 
chemical combination.” 

Investigations into the active portion of light falling on a 
sensitive snhstaijoe have shown that it is in general very small. 
According to Pfeffer 5-4 x'lO"® g. of starch is formed by a square 
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centimetre of surface of au oleander leaf per second under tbe 
moat favourable circumstances. The heat of combustion of this 
quantity is only 9'2 x 10** erg., which consequently is also tjie energy 
spent by light lu forming the starch. Now the radiant energy received 
by a square centimetre on a clear summer day is T4 x 10*^ erg per 
second ; the plant, therefore, cannot use jis much as the hundredth 
part of this for chemical purposes. 

From this example we see that the fraction of radiant energy, 
which is used for chemical purposes, can vary to an extraordinary 
extent according to the circumstances It can never exceed the 
total amount absorbed ; but there appears to be no constant relation 
between the total absorption and the chemical absorption. No 
direct conclusions can be drawn as to the chemical sensitiveness to 
light from the general optical absorption 

Q-eneral. — The laws of the chemical action of light are deduced 
from the fundamental law of photochemistry and the general laws of 
radiation. Thus the decrease in chemical action is inversely as the 
square of the distance from a source of light radiating in all directions, 
and when light jiasses through an absorbing medium, the amount 
absorbed increases geometrically as the thicliness of the medium 
increases arithmetically. 

Further proof that all the geometrical laws of radiant energy 
apply, also to its photochemical action, is afforded by the fact that 
every objective optical phenomenon can be photographed 

These laws have been tested by various methods, especially by 
means of sensitive plates and papers, and £he same results have 
always been obtained, independently of the nature of the material 
used. 

The answer to the question, Which rays produce chemical 
action 1 is that it is determined by the period or the wave-length of 
the rays, there being for every sensitive system a maximum (or 
several) of action at definite peiiocls. The circumstance that the 
most striking chemical effects of light hS,ve been observed in the 
case of substances whose chemical absorption lay in the blue, violet, 
and ultraviolet region, led to the view that the rays of short wave- 
length are the “ chemical ” rays. Later researches have shown that 
chemical effects can be produced by all the rays of the visible and 
invisible spectrum, and that it depends only on the nature of the 
substances what rays come into action. Measurements of the 
“chemical intensity of light” or of the “photochemical climate,” 
which were formerly made so frequently, have no theoretical 
significance, as they only reproduce the temporary local variations in 
intensity of the rays which have a particularly strong effect on the 
aotinometer employed. 

No general connexion between photochemical sensitiveness and 
chemical nature has been made out. Hince the region of chemical 
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absorption must lie withiu that of optical absoqition, we have to 
look among coloured substances for those which are sensitive to 
visible rays. A veiy slight degree of colour, however, is sufficient 
to confer very considerable sensitiveness, as is evident in the instance 
of the almost colourless silver halides. 

Finally, oxidation and ^.’eduction processes seem to be particularly 
susceptible to radiant energy. Consequently almost all the salts of 
metals, which can form ions of more than one valency, are sensitive 
to light. This IS very noticeable if other substances are present 
which can undergo reduction or oxidation, as the case may he. 

Photography.— The method by which Daguerre first accomplished 
actual photography consists in exposing a plate of silver (or of 
thickly Slivered copper) jbo the vapour of iodine, and then allowing 
the image in the camera ohscura to act on the plate. After the 
action, ' which only requires a few seconds, the plate, on which no 
image is visible, is exposed to the vapoui- of gently heated mercury. 
The vapour condenses on the plate the more densely, the more 
strongly the light has acted at the spot in question. If the plate 
is looked at so that the bright places reflect little light to the eye, 
the parts where there is a deposit of mercury globules appear brighter 
than the background, proportionately to the thickness of the 
deposit. 

The theory of this process is based on the fact that vapours 
condense m general more readily on rough than on smooth surfaces. 
Where the silver iodide has been acted upon by light it is jiartially 
decomposed, and thus’ a better surface is offered for the deposition 
of the mercury globules. We may perhaps have the additional 
circumstance that the separated silver has more affinity for the 
mercury than the undecomposed iodide has, and therefore condenses 
it more readily. From the researches undertaken after the acquire- 
ment of the knowledge of Daguerre’s method, it has been proved that 
the slightest local alteration in the state of the surface of a polished 
sheet changes the manned in which vapours condense on it in the 
most remarkable way. It is a result of the influence of a foreign 
substance on the metastable limit. 

Newer Processes. — Daguerre’s method is now completely 
abandoned. It was first displaced by Scott Archer’s collodion 
process. A solution of gun-cotton {cellnlose nitrate) in ether and 
alcohol is made to dissolve certain iodine compounds (cadmium 
iodide, ammonium iodide, etc.). A glass plate is then coated with 
the solution, and after the greater part of the ether has evaporated, 
is dipped into a solution of silver nitrate. By this means a sensitive 
precipitate of silver iodide is formed in the coating of collodion. "* 

If such a plate is now brought ipto the camera and exposed for 
the necessary Ippgth of time — a few seconds m daylight — no altera- 
tion in the yellowish-white coatiilg is observed. An image only 
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appears wlien the plate is immersed in a mixture of silver nitrate 
and a reducing liquid, r.ff. a solution of pyrogallol or of ferrous 
sulphate. The silver which separates from this mixture depo-sits 
preferably on the jilaees where the light has acted, and produces an 
image in which the silver deposit is proportional to the light-intensity. 
By treating this “developed” image with,a solvent for silver iodide, 
e.ff. potassium cyanide, the excess of iodide is removed and we have 
left a negative, with the light places opaque and the dark places 
transparent. 

As the foundation of the theory of this process, we have the 
behaviour of supersaturated solutions in contact with nuclei. In the 
coating of the plate under the developer the image consists of 
metallic silver,^ while the mixture of silver nitrate and reducing 
agent, ie. the developer, represents a supersaturated solution of 
silver. The silver is deposited from the solution wherever nuclei of 
silver are present, and thus a visible image is produced. The 
development can be prolonged until the thickness of the deposit is 
sufficient for the required purpose. This can be done either on the 
fresh image in the silver iodide layer, or after “fixation,” ie. after 
the image has been freed from silver iodide by treatment with 
potassium cyanide solution. 

The collodion process is now used only for a few purposes, and 
has been replaced almost entirely by silver bromide gelatine 
plates. They have, in addition to their greater sensitiveness to light, 
the very great advantage that they can bo prepared an indefinitely 
long time before use without undergoing 'deterioration, whereas 
collodion plates must be used at once after dipping in the silver 
hath. 

They are made by adding an aminoMaeal silver solution to a 
warm solution of pure gelatine and potassium bromide ; the bromide 
must be in slight excess. Silver bromide separates in the colloid 
state, and is at first insensitive It lieoomes more sensitive on 
prolonged digestion at a shglitli* higher '"temperature, probably on 
account of incipient decomposition of the silver bromide, and after 
a definite time it is sufficiently “ripened.” The mass is then 
allowed to solidify, and the potassium nitrate is washed out ; the mass 
is then melted, poured out oh to glass plates, and allowed to dry. 

These plates are developed by moans of strong reducing agents, 
such ns potassium ferrous oxalate, or alkaline solutions of hydro- 

' LaWv expel iments ha\o ma'Se it certain that the iiuilevoloped iff age m the collodion- 
silvur iodide coating is not metallio silver, ‘hut a silver auli-iodide or a similar reduction 
piodiict of silver iodide, since it is not destroyed by nitiio aeid, altliough it is desboyed 
hy,iodiiier Impoitniit as tins is m itself, it is of no consequence for tlie theory of 
develojmieiit, since Ihii Mib-lialides of silver iinniediatoly form nietalUc silver when 
they aie acted on by developers, and this silver then plays the part mentioned above. 
The ».sme eoiisideiation would apply if the prnnoi'y imago were a colloid solution of 
silver 111 exeess ot silver halide, since it has boeiirproved that nratallie aiiiicrons are 
capable of development (p. 491) 
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quiiionc or other iiromatic compound confcainiug seveial hydroxyl 
groups. The silver bromide is reduced to silver mainly at the parts 
exposed t’o the light. Finally, the image is fixed by treating the 
plate with sodium thiosulphate, which removes the unchanged silver 
bromide. 

The theory of this development is practically the same as the 
theory of the collodion process. Here, also, the action of the reducing 
agent on the silver bromide produces a supersaturated silver solution, 
which deposits the metal on the nuclei present. 

Production of Positives. — ^This process, too, gives only negatives, 
i.e. the light places are opaque, and the dark ones are transparent. 
The processes of making positives from them are very numerous 
and widely different. Those most frequently employed depend upon 
the darkening of silver salts m the light, when they are in contact 
with organic substances Under these conditions the silver salt 
IS reduced to silver, iu inverse proportion to the density of the 
negative, so that a correct picture is obtained. The excess of silver 
salt is dissolved out with sodium thiosulphate, and a silver image 
remains. As this silver is of an impleasing brown colour, it is 
treated with a very dilute gold solution , by this means the klver 
•of the image is pai’tly replaced by gold, the bluish-violet colour 
of which, together with the brown of the silver, gives the ivell-known 
photographic purple tone. ’ . . 

The platinotype process utilises the reduction of ferric salts in 
light. Potassium ferri^c oxalate, to which potassium chloroplatinite 
has been added, is usually employed. After exposure to light, the 
image is treated with a solution of potassium oxalate, on which the 
ferrous salt produced at the reduced places precipitates metallic 
platinum from the platinum salt. 

A large number of other processes are based on the reaction 
between chromates and organic adhesive substances, such as gum 
and gelatine. The chroinic acid is reduced to chromic oxide on 
exposure to light, and the oxide forms an almost insoluble compound 
with the gum or gelatine. By this means a pigment, which has been 
ground up with the mixture, is fixed at the places acted on by light, 
and, on washing away the unchanged coating, we obtain a positive. 

Several photographic printing processes have been based on this 
reaction. Asphalt has also been used for this pxu'pose, as, on 
exposure to light, it loses its solubility in oil of titfpentine. The 
details of these various methods cannot appropriately he given here. 

A remarkable observation was ‘made in 1874 by H. IV. Vogel. 
Silver salts, and particularly the silver bromide of ordinary plates, 
are specially sensitive for rays of small wave - length, between blue 
and ultraviolet, while the yellowish - green rays have the most 
powerful effect.’ an the eye, ^nd foj: these the plates are not at all 
sensitive. In consequence of this, the gradations of light are changed 
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in photographs i the darker blue and idolet colours come out bright, 
while bright red and yellow tones are dark in the photograph. 

This disadvantage can be overcome by adding traces ,'of certain 
dyes, e.g. eosiii or cyanin, to the silver bromide of the plates! The 
maximum of photochemical action is displaced to the side of greater 
wave-lengths, or new maxima occur inrthis region; the result is 
more correct gradation in the photograph. 

The theory of this process has not been satisfactorily made out. 
The dye appears to form a compound with silver, which is sensitive 
to light ; but it has not been shown to be of the same order of sensi- 
bility as silver bromide. It may possibly form a solid solution with 
the silver bromide, which has its total sensibility correspondingly 
displaced. 



CHAPTER XXVI 

CONDXJOTION IN GASES AND RADIOACTIVITY 

G-eneral. — Numerous series of phenomena of various kinds have 
been discovered and investigated in recent years, which are related 
to radiant energy, since they are concerned with kinds of energy 
which traverse space in straight lines and with a very great 
velocity. They are not in a state of vibration, by which the 
energy is propagated, the processes being rather of the type which 
Newton supposed to constitute the nature of light In other words, 
small particles, the lower limit of which amounts to '001 of the mass 
of a single hydrogen atom, are projected rectilinearly through space 
with velocities which approach that of light ■ _ , 

These small electrically charged quantities, which cannot ap- 
parently be further split up, are called Electrons, and an atomic 
structure is accordingly ascribed to “ Electricity.” Since the division 
relates to quantities of electricity, and not electrical energy, 
the assumption requires eirtension with respect to the potential 
of the quantity of electricity, which, according to the laws of 
electrostatics, depends on its space relationship. 

An electrically charged sphere possesses a negative surface tension, 
in virtue of which it strives to increase its surface if possible. By 
what means the tendency to expansion is restrained in electrons, 
has apparently not yet been discussed. 

There are both positive and negative particles of equal size. 
They are usually associated with ponderable atoms, but a number 
of facts leads to the conclusion that negative electrons occur alone 
without ponderable atoms, while isolated positive electrons are 
unknown. Kathode rays, in particular, which are formed by 
electrical discharges in gases at low pressures, consist of negative 
electrons possessing a very high velocity. 

Gas Ions. — The experimental fact which has led to tho> develop- 
ment of these conceptions, is tho electrical conductivity of gases. 
After the dissociation theory of liquid electrolytes had shown the 
value of the .epneeption o^ ions, in the classification of known 
facts and the discovery of new ones, it was natural to apply 
• 633 
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the same ideas to gaseous conductors. It was found necessary to 
make many extensive alterations before it became possible to 
represent the particular circumstances. 

The chief difference is that in gases there is apparently no 
intrinsic cause (arising from their own nature) of ion formation, as 
there is in aqueous and other conducting solutions and in fused 
liquifls. The conductivity is a result of external causes, ie. the 
introduction of energy, and even while this cause is at work, still 
more when it ceases, a process of recombination is taking place 
which leads to the spontaneous disappearance of the ions, and 
consequently of the conductivity. Thus in any case the ionised 
part of the gas is extremely small, for when the attempt is made 
to increase it the recombination is also increased, and a limit is 
soon reached. The velocity of recombination shows it to be a 
reaction of the second order (p 293). 

The causes which produce these effects are very various. The 
one longest known is electrical discharges of all kinds. But 
numerous chemical processes have the same effect, e,(j. violent com- 
bustion, the luminous oxidation of phosphorus in the cold ; as have 
also the action of light, especially ultraviolet light, on many substances, 
particularly metals ; also the heating of metals above 300°, Finally, 
the radioactive substances possess this power in such high degree 
that they were recognised and investigated by means of it. To 
summarise, it may be said that all kinds of concentrated energy (i.c. 
a large amount of which is condensed in small, space and is therefore 
of high potential and can perform intensive work) possess the power 
of making gases conductors of electricity. 

That this conductivity is due to the presence of individual 
electrically charged particles, the gas ions, follows from tho 
fact that the cause of the conductivity has the properties of a fine 
dust. Filtration through cotton wool, even leading the gas through 
a zigzag narrow metal tube, washing it, with water, and similar 
operations remove the conductivity, since they remove the conducting 
particles. The conductivity is also lost when the gas is brought 
between the oppositely charged plates of an electrical condenser, 
because the electrically charged particles travel to the plates. This 
is entirely due to the electrical charge on the particles. 

In accordance with this, conduction in gases does not obey 
Ohm’s law In an electrolyte the quantity of electricity which the 
ions can collectively transport is very lai'ge in comparison with the 
quantity they must transpoit under the usual conditions of cm'rent 
and-timej-so that the current has no effect on the conductivity. We 
can readily perceive that a dilute electrolytic solution, placed in a 
thin layer between two electrodes, will soon be exhausted by the 
current, and that such a solution, will npt obey Ohm.’s law, ie. the 
current strength will not he without influence on the resistance. 
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Such a condition is always present in gaaes^ and it is only by tbs 
continuous application of tie cause of ionisation and by the use of 
extremely small current-strengths that an approximation to Ohm’s 
law is obtained. When an ionised gas is left to itself the spon- 
taneous recombination of the ions is added to the loss of ions by 
conduction, and thus thendeviations from Ohm’s law become still 
greater. 

On the other hand, with constant ionisation and stronger 
potentials another limit is reached, the current-strength then being 
independent of the potential. It is then only dependent on the 
productiveness of the source of ionisation, since under no circum- 
stances can more electricity be transported than the ions are 
capable of transporting in the time. 

These facts and their significance have been developed mainly by 
J. J. Thomson and his pupils (since 1894), to whom we owe the 
fundamental explanations of the subject. 

Properties of Gas Ions. — These gas ions display none of the 
properties of atoms or molecules of the gases, in which they are 
produced and with which they might be identified Their velocity 
of migration has been ascertained from their conductivity under 
different measurable conditions ; it is found to be about ten times as 
great as for ions m electrolytes. There are no serious differences 
between ions produced in various gases, such as might be connected 
with the molar weight of the gas. It makes a much greater difference 
whether the gas is p;ioist or dry during ionisation The ions in 
hydrogen gas are alone different; their velocity la several times 
greater than those of other gases. It may he anrinised from this 
that either ordinary gas ions result from an impurity always present 
[e.g. oxygen), , a trace of which, far below the limits of analysis, 
would, owing to the extremely .small amount of ions, meet the 
demand, or else that some equalising factor is at work, if the ions 
are actually formed from the substance of the gases. 

There is more difference between positive and negative ions, as the 
latter travel faster ; the difference is less when the gases are moist. 

If the diffusion velocity of the ions, independently of electrical 
forces, is compared with that of the gas from which the ions have 
been formed, it is found to he smaller. The masBes are therefore 
larger. The suggestion has been advanced that the ions consist of 
electrical nuclei, around which the uncharged molecules of the gas 
condense as dust ’ 

While the mechanical nature of gas ions thus appears to he quite 
different from that which the kinetic theory requires of the*enolecadeB 
of a gas, their electrical behaviour has been found to be very simple. 
If the method (p. 609) of calculating the number of molecules from 
the mean cross-section (whyih can,be deduced from diffusion experi- 
ments as well as from viscosity) is axiplied to gas ions, and if the 
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total electric charge is determined at the same time, values are 
obtained for the number of ions in a mol, and for the charge on a 
single ion. The former agrees with that given on p. 510,' and the 
latter with the value given on p. 538. Or, gas ions behave from the 
point of view of the kinetic theory like molecules of ordinary gases, 
and each ion carries the same charge an a univalent electrolytic 
ion.^ 

Electrons. — In addition to the positive and negative gas ions of 
fairly vague character, which have just been described, there is a 
special group of ions with much more definite properties than the 
others. They are negatively charged, and possess, in contrast with 
the relatively large and heavy ga.s ions, an extremely small mass. 
This does not approximate to the mass of molecules or atoms, but is 
about a thousand times smaller than the mass of a hydrogen atom. 
There is also considerable doubt whether it is a mass at all in a 
mechanical sense , there are reasons for the view that the energy which 
these particles possess iu virtue of then velocity has its origin in 
electrodynamical effects, which are the consequence of its motion. 
These negative particles, which also have the above unit of electrical 
charge, are known as electrons. They are the last product of 
aualysis in this region. 

Electrons, like ordinary ions, can be produced in many different 
waySf but have always the same properties, apart from the differences 
in velocity, in whatever way they are produced. The simplest 
method of obtaining them is to pass electric discharges through gases 
at very low pressure. These then proceed, as has long been known, 
from the negative pole or kathode, the kathode rays, which travel 
in straight lines and transport a considerable amount of energy, 
which is transformed into other forms (heat, light, chemical action, 
Edntgeii rays) when the rays meet objects placed in their path. A 
better name would be kathode streams, as they consist of negative 
particles projected rectilinearly, the individual existence of which has 
been proved experimentally, as will be shown immediately. 

Kathode streams are deviated under the action of electric and 
magnetic fields, their velocity and the ratio between tbeir charge 
and mass have been determined by measuring these effects. 

The velocity is very great; for ordinary kathode streams it is 
about 3 X lO® cm per second, which is only ten times smaller than 
the velocity of light. AVhen the stream is sent out of the discharge 
tube through a window of thin aluminium (Lenard, 1898), the 
slower rays are sifted out, and those which remaiq. have a velocity 
as high aS" 8 X 10® cm. 

As experiments on the diffusion or viscosity of electrons cannot 
be carried out, other means had to be adopted to determine the 

1 Isolated instances have been noticed iii whioblons oooiu-red with double charges ; 
still the simple ion-s were apparently in marked preponderance. 
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mass and charge of a single electron Use was made of a special 
property of all gas ions : their jiower of acting as condensation nuclei 
in supersaturated vapours. By this means the electric charge 
associated with a single electron could be ascertained. Then the 
ratio e/m of the charge to the mass of an electron was found from 
the deviation experiencBd by the moving electrons or cathode 
currents under the influence of electric and magnetic fields. The 
latter experiments, performed in many different ways, gave results 
which closely agreed j the mean is about 10'^, when the quantity 
of electricity is expressed in electromagnetic c.g.s. units, and 10® 
when it is expressed in coulombs , the mass is measured in grams 
The most accurate value is apparently 1 86 x 10® coulombs per 
gram. From this, the mass m can he calculated if e is Icnown. 

Positive electrons have nob yet been observed. Measurements 
similar to those described above were made with positive gas ions, 
and led to e/m = 400 in electrostatic units, i.e a 26,000 times smaller 
number. As both carry the same charge, the difference is one of 
mass ; the mass of a positive gas ion is about 25,000 times greater 
than that of a negative electron. 

Ions as Nuclei. — It is evident from the considerations stated on 
p. 67 that a supersaturated vapour will not m general pass into the 
liquid state, and the less so the nearer it is to the equilibrium or 
saturation point But if drojis of water are present in the -Vapour, 
supersaturation is impossible Other liquids or solids which are 
wetted by water or vmiidense it upon their surface have the same 
action. 

Taking into consideration also the fact that, as a result of surface 
tension, the vapour pressure of a small drop is greater the smaller 
its radius, we ^ee that small drops are in equilibrium with a vapour 
which 13 supersaturated with respect to a plane surface to an extent 
which depends on the smallness of the drop. If, then, we have in a 
vapour drops of definite Jbiit unknown size, we can determine their 
radius if we determine the degree of supersaturation at which they 
begin to increase in size. 

A measurable degree of supersaturation is obtained, for example, 
when air normally saturated with water vapour is suddenly, i.e. 
adiabatioally, expanded, as a result of which it is cooled owing to the 
performance of external work. If the initial and final pressures are 
given, the lowering of the temperature and therefore the degree of 
supersaturation can be calculated (by means of the vapour pressure 
cui’ve). 

Now it has long been known that a jet of steam, in iVTaich there 
is a region of supersaturation before the region of condensation, 
forms a cloud, ie is very strongly condensed, on the approach of 
an electrically charged poimt (the, same effect is produced in many 
other ways). (E, von Helmholtz, 1887 ) Later researches, in 
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particular a brilliant research by Wilson (1900), have proved this 
to be a specific effect of gas ions. 

J, J Thomson has suggested the following explanation of this 
action of ions. An electrically charged sphere strives to expand, for, 
since this would lower the potential while the amount of electricity 
remains the same, work would thereby be S6t free. If such a sphere 
of water is placed in saturated water vapour, it will condense water 
on its surface ns a method of expansion, and equilibrium will result 
when the electrical work set free is equal to the work necessary for 
condensation from unsaturated vapour The condensing effect is 
therefore greater the higher the potential of the charge on the drops. 
Thus the charge present on a gas ion will have a tendency to con- 
dense water on the ion ; in order to I’educd the potential it must 
therefore act as a nucleus for condensation. 

This not only explains the above fact, but also suggests the 
possibility of individualising and counting the number of electrical 
charges and of ions. 'For, in contra.st with most other effects, in 
which the sum of all the particles present is obtained, and which 
do not afford any means of distinguishing between separate particles 
and a continuous system, every particle here acts individually 
and summation occurs later, if at all. 

The experimental idea is, therefore, to mix a measured amount of 
ions with air saturated with water vapour, and to count the number 
of fog particles which have been formed This gives the number of 
nuclei. If some other property has been determined for the same 
amount of ions {e.g. the amount of electricity associated with it), 
this amount divided by the number of nuclei gives the value of that 
property for a single ion. 

The formation of mist thus acts, as it were, as a physical micro- 
scope, for by means of it each individual ion, which is neither 
visible nor susceptible of examination, owing to its smallness, is so 
magnified that it is visible and can be exaCiined. Or still better, it 
can be compared with the development of the latent photographic 
image, in which the supersaturated environment enlarges each 
invisible nucleus and renders it visible. 

The mist particles are also very small, and it is only possible to 
count them directly in exceptional instances. But if the amount of 
condensed water is known from the degree of supersaturation, the 
determination of the size of one particle, or the average size of the 
particles, is sufficient for the calculation of the number. The size 
can be estimated from diffraction phenomena, the rate of falling and 
other properties. 

By such methods, the experimental details of which cannot be 
described hero, the following fundamental facts were established : 

The electric charge of anf6loctin)n is equaLto the unit 
charge of an electrolytic ion, namely about 10'^® coulomb. 
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The ratio e/m of the charge on the electron to its mass was found 
to be 10® coulomb/gram (p 537). As the eharge is 10”"’ coulomb, 
the mas’s m of an electron is about 10"-^ g. As the mass of an atom 
of hydrogen is the mass of an electron is about one 

thousand times smaller than the mass of a hydrogen atom. 

Besides electrons there are, as already stated, much larger gas 
ions, the mass 'of which considerably exceeds that of the molecule of 
the gas used j positive ions in particular only occur in this form It 
is remarkable that these positive ions are considerably more difficult 
to condense with the aid of supersaturated water vapour than negative 
ions, and the difference between them is fairly constant. If the 
adiabatic expansion is below the ratio of 4 to 5, ie. 1'26, no condensa- 
tion takes place. Bettveen T25 and 1‘30 the negative ions alone 
condense, from this point onwards the positive ions also ; thus with 
expansions over T38 double the number of mist particles are 
obtained as with expansions up to 1‘25 No perfectly satisfactory 
explanation of this remarkable behaviour has as yet been found. 

The Electron Theory. — Although the experimental proof of the 
individual existence of electrons is based exclusively upon the' 
above experiments on their condensation of supersaturated water 
vapour, it has been considered a satisfactory foundation on which to 
make very extensive theories. It was an important point' that the 
charge on an electron was found to be the same as that' on an 
eleotrolytio ion, i.e 10'^® coulomb Helmholtz had long ago (1879) 
regarded this as the smallest possible unit of electricity, and attributed 
an atomic structure to electricity. 

The simplest application of this theory is to electrolytic ions, 
which, from this point of view, are compounds of chemical atoms with 
as many electijoiis as its valency amounts to These compounds are 
separated 'by electrolysis, the chemical atom remaining behind in the 
electrolyte or on the electrode, while the electrons travel further into 
the metal. Metallic coi?luction must be regarded as a migration of 
electrons in the metal. 

It must be remembered that positive electrons are not known, 
but only positive atoms, or gas ions and kations. 'We may either 
assume that positive electrons similar to negative electrons exist, 
but have not been isolated, or»we may consider the positive state to 
be produced by the loss of a negative electron in the system. 
In view of the want of perfect symmetry between positive and 
negative electricity, as shown in certain electrical phenomena, the 
second assnmpticin (which corresponds to Franklin’s old theory of 
electricity, only the signs are reversed) is preferable. Negativenmd 
positive electricity would thus be comparable with regions in the 
atmosphere, where the pressure is higher or lower than the mean. 
Both can peuferm work i« accoydance with analogous laws, but 
neutralise each other (become zero) when brought together, and can. 
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in oliedience to the law of conservation of eleetncity, be produced 
anew at any desired place, but only simultaneously and in equivalent 
amounts. 

It 18 more difficult to apply the theory to chemical compounds. 
A valency cannot be put simply equal to an electron, for substances 
with free valencies, like nitric oxide and carbon monoxide, do not 
show free electrical charges at all ; nor are any other special electrical 
properties recognisable in any other direction. 

It la a very remarkable indication that the mass of the electron 
depends on its velocity, and appears to approach zero, when its 
velocity approximates to the velocity of light. The idea is not far 
to seek that the nature of mechanical mass is electrodynamical, just 
as the variable mass of the electron is, and -serious endeavours are 
being made to replace the mechanical conception of the physical 
world by an electrodynamical one Although these efforts have 
not yet led to complete results, they prove that what many philo- 
sophers considered a necessity of thought, namely to reduce all 
phenomena to a mechanical basis, has been no necessity, but only 
a practice of doubtful value. 

A further fact which indicates the close connexion with mechanical 
properties was di.scovered by Lenard (1898 ) ; the absorption of very 
rapid electron streams by the most diverse substances is a function 
of their density alone, and not of their chemical nature. Hitherto 
it has been exclusively in mechanical jihenomena that mass has 
functioned as a sufficient and controlling factpr, and we are thus 
justified ill representing the absorption of electrons as a purely 
mechanical phenomenon. 

Endeavours to repiesent the ponderable atoms as systems of 
electrons point in the same direction The old chemical hypothesis 
that all the elements are compounds of a primal matter has been 
revived very recently in consequence of the transformations of the 
radioactive elements (see below), the objection based on the irra- 
tional ratios of the atomic weights has lost its force, since the mass 
of the electron is so small that the lightest of all atoms, that of 
hydrogen, must, according to this theory, consist of about 1000 
electrons. For, since the combining weight of no element is known 
with certainty to the third decimal place, the number of electrons 
cannot be established ivithin the limits of error, in whole numbers 
even, so that there can be no question of testing whether fractions 
occur (cp. Bernoulli, 1908) 

Radioactive Substances, — On the grounds of a conjecture, which 
turned outT to be wrong, H. Becquerel (1896) found that uranium 
salts produce a develojiable impression on a photographic plate, even 
when they are separated from it»by black paper or a sheet of other 
light-tight material The effectnUf the various compounds was 
practically proportional to the uranium content, but uranium 
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minerals were afterwards found which showed a much stronger 
action. Starting from the assumption that this was due to admixture 
with soicne other substance ivhich had a stronger action than uranium 
itseH, P. and S. Curie carried out separations on this mineral 
(uranium pitchblende). Just as Bunsen had employed spectrum 
analysis as a guide in concentrating and preparing rubidium and 
ceesium in a pure state, so M. and Mme. Curie made similar use 
of this action, or rather of an allied action. Ebntgen rays, the 
analogy with which served as the starting-point of the series of 
investigations, not only act on the photographic plate, but also cause 
air to conduct and phosphorescent substances to become luminous, 
and uranium rays have the same effects. The second of these actions 
is easily followed by means of the discharge of an electroscope, and 
so the rate of discharge of an electroscope under the influence of the 
various fractions was determined, and served as a guide in the search 
for the unknown substance. 

The result was that on the one band a substance similar to 
bismuth with a strong radiation began to separate, and on the 
other one similar to barium. The former was provisionally named 
Polonium, but has not yet been prepared pure. The other was 
named Radium, and is now known in as pure a state as any other 
element. 

The combining weight of radium is Ea= 226'4, and it takes its 
normal place in the periodic system as the last bivalent element m 
the column of the alkaline earth senes. All its reactions correspond 
to this position, for they are as like the reactions of barium as 
osesium reactions are like those of potassium. The flame coloura- 
tion is not green, but red, and the solubility of most of its salts is 
smaller than that of the corresponding barium salt. No analytical 
reaction whic\i effects a fairly clean separation of radium and barium 
has been found, presumably because the purely chemical behaviour 
of radium has not been» sufficiently investigated j the only method 
available is the fractional crystallisation of the chlorides or bromides, 
which apparently form an isomorphous solution, rendering the 
separation tedious in the extreme. The amount of radium in pitch- 
blende is so very small, that the total amount of pure radium com- 
pounds in the hands of investigators probably does not exceed ten 
grams. 

Radium compounds exhibit in the highest degree the above 
characteristic of activity proceeding fromTt, as it continuously pro- 
duces energy This is manifested not only in the manner described, 
but also in the Jorm of heat, for the contents of a vesseb oontagning 
radium are maintained at a higher temperature than its environment, 
as can easily be shown directly by* means of a thermometer. Exact 
measurements.have shown, that eje gram of radium evolves 1 2 x 10~® 
erg per second. The amount varies a little with the previous treat- 



542 


OUTLINES OE GENERAL CHEMISTRY 


meiit of tli6 preparation, but is always reproduced when it is left to 
itself. Tlie chemical combination in which the radium happens to 
be has also no effect on the amount. Temperature was at first held 
to be also ivithout effect on it, but recently an acceleration has been 
observed at higher temperatures, which is lost again on cooling. This 
effect is very small (Englei’, 190S, and others). 

The apparent contradiction between this continuous production 
of heat and the first law of energetics was removed by the recognition 
of it as a heat of reaction, which had its origin in a continuous and 
spontaneous transformation of the radium. Various products 
are formed] as will be explained immediately, helium has been 
shown with certainty to be the end product (Eamsay and Soddy, 
1903). The preservation of the one law has therefore only been pos- 
sible at the expense of another, the law of the conservation of the 
elements (p. 111). Or it will be necessary to doubt the elementary 
nature of all the elements, and to subject them to a fresh scrutiny, 
for which purpose the new source of enormously concentrated energy, 
which radium presents, may possibly provide the means ^ 

It was natural that the discovery of these leniarkahle properties 
of uranium and its minerals should he followed by extensive searches 
for other radioactive suhstaiicos. The only one of the known 
elements . which was found to be active was Thorium (Schmidt, 
1898; Curie, 1898), although it was established that activity is a 
very widosiiread phenomenon. In particular, water and air from 
somewhat considerable depths of the earth are always more or less 
active, although the activity varies very much according to the 
locality. 

Since uranium and tboniun are the elements with the highest 
atomic weight, there seems to be some connexion between activity 
and it, the more so as radium comes next. The large number of 
gaps in this part of the table may then bo connected with the 
instability of all elements with high atomic weight (see below). 

The Transformation Theory. — Since the' action of uranium and 
radium rays presented so many similarities with fiontgen rays, 
investigations were at first confined to their similarity to light, and 
without much result. Then Euthorford and Soddy were bold 
enough to conceive these actions as phomically materialistic, and 
this proved to bo the key to the comprehension of the whole 
phenomenon. It was found that the active principle of thorium was 
carried along by a current of air, could be condensed by means of 
liquid air, and, m short, behaved like a gas. This gas had the same 
pow^gr as sadium of acting upon the photographic plate, of exciting 

' Tlifl trftusformatiou of coppei into lithium uiidoi the iiilhienoe of ladium emauiitioa, 
repovtsd by Ramsay, has been called hi qppstinn by S Curie. At, however, the forma- 
tion of liolium from radium has been ireiiucutly coiifii med, the fundamental proof of the 
tniusiimtiibility of the elements is fortheoraun:,* and tl» results of the^oieutifio investiga- 
tion of these new reactions cuu be an aited In patience. 
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pliosphoresceiice, and of ionising gases. Only it retained tliese powers 
for a very short time, and, with them, its existence , it disappeared, 
and a solid which was soluble in acids appeared in its place. It could 
not be seen, to be sure, the indications of its iirosence being that the 
surfaces of all objects which had been in contact with the gas showed 
radioactive properties, which could be removed from them by washing 
with acid. This solid deposit disappeared spontaneously after a 
time. 

All these complicated phenomena can be explained on the 
assumption that thorium is constantly being transformed into 
another substance, the active gas known as emanation, 
which also undergoes similar transformations. The only 
one of these substances which has been seen is the gaseous 
emanation of radium, which has a much longer life than thorium 
emanation, and is also formed m much larger amount. Its spectrum 
has been observed, and by this means the final transformation into 
helium, which also has a very striking spectrum, has been established. 
The chemical characteristics of the others are at present restricted to 
their solubility or insolubility in certain reagents ; they have never 
been obtained in sufficient quantity to permit of their being seen and 
studied in the same manner as other substances. Their general 
oharaoteriatio is the power of ionising gases and making them, conduct. 
There are qualitative differences in the nature of the rays in this 
respect (see below ) ; the action is at first proportional to the amount ; 
but there are so many contingent circumstances, since the formation 
of gas ions is not thi primary effect, that the main phenomenon is 
often masked and destroyed. The specific velocity of reaction with 
which the various substances are transformed has been found to be 
very characteristic 

The Velocity of Transformation. — ^This transformation is quite 
decisively a reaction of the first order, ie. the velocity is pro- 
portional to the quantity of reacting substance. No other factor, 
such as temperature or Soueentration, comes in; even the state of 
chemical combination has no effect. If, then, a is the amount of 
active substance present, the amount da decomposed in the time dt 
is simply proportional to a and to a velocity constant which (apart 
from the very slight temperature effect mentioned on p. 642) is not 
afl'Seted by any constant condition , the equation is thus - da/dt = ka, 
As shown on p. 290, for finite quantities the equation becomes 
ao/a = e'*^* where a;, is the initial amount, ra the amount at the time 
t, and e is the base of the natural logarithms, the number 2 -71 83. 
As both ao and a'appear as a ratio, their absolute amoun-t does^ot 
matter, nor does the unit in which they are measured, as it dis- 
appears in the fraction. It is thus nut necessary to know the absolute 
amounts, provided the relative amounts are known.' The latter are 
derived from 't£e ionising power tinder comparable conditions. By 
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ascertaining this fox two different times, w'e obtain tbe ratio ao/a and 
the time t, from which k can be calculated 

This is done by taking the natural logarithms of both sides, from 

which Ig ao/a = kt, or k = Using ordinary logarithms we 


have k = 


log (ap/a) 
•434=3t 


log ap - log a 
•4343t ■ 


The formula has the following meaning. If any two observed 
values of Up, a, and t are put in the equation, the same value of k 
IS always obtained for the same radioactive substance, 
independently of the amount, the state of combination, or any other 
circumstance. The constant k is therefore a perfectly general 
analytical characteristic of the substance, in precisely the same 
way as a line in the spectrum, or a colour reaction, but much more 
general because much more independent. It is comparable in this 
respect to the combining weight, only it is much more easily 
determined. 


The process usually adopted is slightly different; instead of 
measuring apand a for any arbitrary time t, the time is so chosen 
that the ratio ap/a is 2, or, in other words, what is determined is the 
time necessary for half decomposition. In this case ap/a = 2, and the 
equation becomes k = lg 2/t or kt = lg 2. Since the right side of the 
equation is constant, kt is also a constant, and the time for half 
decomposition is inversely proportional to the constant k ; it is as 
characteristic of the radioactive substance as k.iSj and it is preferred 
for this purpose on account of its plain meaning. It is known as the 
half life or period of half decay. If 1 is this value, the relation is 
obtained Id = Ig 2 = 'GOSl, or I = •6931/lc ; by means of this equation 
the constant can be calculated from tbe half period, aqd conversely. 

The Kinds of Radiation. — Another means of distinguishing 
between the various radioactive substances is found in the nature 
of the energy emitted. There are three ^:lifferent kinds, known as 
u, ^ and y radiation. The difference between them is very well 
illustrated by the diagram, Fig. 67, given by S. Curie, which shows 
the radiation of radium (which contains all three). E is radium 
which is contained at the bottom of a narrow lead cylinder, and can 
therefore send rays upwards only , above E is a magnetic field, the 
north polo of which is in front of the paper and the south pole behind 
the paper The a-rays are feebly diverted to the left, the /S-rays 
strongly to the right, whTile the y-rays are unaffected. The a-rays 
have a comparatively small velocity, are shown by the direction of then 
dei«ation*in the magnetic field to be positively charged, and have the 
properties of positive gas ions. The /3-rays behave in essentially 
the same way as kathode ra/s, i.g. they are to be regarded as a 
stream of negative electrons. The yways have <4110 greatest re- 
semblance to Ebntgcn rays. 
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Apart from their behaviour in a magnetic field, the three groups 
can be distinguished by their penetrating power. The a-rays are 
the wealrest in this respect, since they are reduced to one half by 
aluminium foil of -0006 cm. thickness; they can penetrate only a 
few cm. of air, by which they are soon absorbed. The /3-rays are 
about 100 times more penetrating, and the y-rays about 10,000 
times more penetrating than the a-raya; the y-rays can penetrate 
8 cm. of aluminium, without losing more than half their strength. 



Transformation Products of the Eadioactive Elements. — Owing 
to the novelty and diversity of the phenomena displayed during 
the gradual transformation of radioactive substances, there is a 
considerable amount of confusion in the literature regarding their 
relations. Although Eutherford and Soddy’s theory of the 
gradated decay of the products has contributed greatly to the 
orderly arrangement of the facts, the facts are still in course of- 
evolution, and a fairly comprehensive review is not yet possible. 
To give an idea of the main phenomena, the following table, given 
by Eutherford (1906) awi summarising his results, is appended : — 


Product k 

Ui'anium 

I 

Uranium X S '6 x 10“’ 

I 


Ttonum 

i 

Thorium X 2'OxlO-® 

Emanation 1 '3 x 10“® 

I 


Average half- Kmd of 
period. Baya. 

22 days p and y 


i days a 

63 seconds a 


Chemical and Physical 
Propeitlea. 

soluble in excess of ammon- 
ium carbonate, soluble in 

insolublo in excess of am- 
monium earbonata, sol- 
uble in ether and water. 

insolublo in ammoma. 

soluble in atnmoma and 

gas of tbe aigon typo, bigh 
molar weight, liquid at 
-120°. 

2n 
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Product. 

k. 

Average lialf- 
period 

Kind of 
Bays. 

Chemical nud Physical 
Pioporttes 

Thorium A 

1-74X10--6 

11 hours 

0 'I 

is precipitated nn solids, 





collects on the Iwthoda 




m an eleotrio field. A 




r 

IS moie volatile than B. 
Distinguisliod electro- 

Thorium B 

2'2xl0-4 

66 minutes 

a. A Y J 

oliomically. 

Aotimuni 

Actinium X 

Emanation 



o 

insoluble in ammonia. 

7-8X10-' 

102 days 

m 

soluble in ammonia 

17 

3 9 8eoond.s 

a 

gas. 

Actinium A 

3 •2x10-* 

36 minutes 

0 1 

1 precipitated on solids, ool- 

1 




1 loots on tho Ijathodo in an 

1 eleotrio field. Soluble in 
j ammonia and strong acids. 

I Volatile at 100°. Can be 

Acteuiiim B 

5-4 X 10-3 

2’15 minutes 

u, ft Y . 

1 sepal ated by eleotiolysis. 

Radium 

i ■ 

Buwnfltioii 


1300 years 

a 

like barium. 

2-lxl0-« 

3 '8 days 

tt 

dense gas of the argon typo, 

i 




liquid at - 160° 

Raduim A 

3-86xl0-< 

3 minutes 

a 

precipitated on solids, col- 





lects on the kathode in an 

Radium B 

5-38X10-* 

21 minutes 

0 

elootiio field, soluble in 





strong acids. B is vola- 
tile at 700°, A and 0 at 

Radium C 

Radium D 

4 13 X 10-* 

28 miuutos 

ft Y 

1000°. ^ 


ca. 10 years 

0 

soluble in acids, volatile 




* 

below 1000°. 

Radium E 

Eadnmi E 

1-3 X 10-“ 

6 days 

ft Y 

not volatile at 1000°. 

5-0x10-“ 

143 days 

o 

precipitated iiom solution 





by bismutb, volatile at 





1000°, baa the properties 
of ladiotelluiium and 





polonimn. 


The following I’emarlc must be appended to this table. Since 
the radioactive elements are engaged in a continual self-destrue- 
ticfl, tifey should generally have more or less completely 
vanished, although from the velocity equation the last traces would 
cease to exist only after an infinite time. The explanation of their 
occurrence in quite notable quantity i» that they oars at the same 
time regenerated from the other radioactive elements. If A 
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changes into B with a certain velocity, and B into C, etc , the ratio in 
which they are found together after a long tune will be the inverse 
of their transformation velocities. This is on the assumption that the 
weight is unchanged by the transformation. If this is not the 
case, the ratio of the initial and final weights must be introduced as 
coefficients of the relative! amounts. 

Now it has actually been found that, e.g. in the uranium minerals, 
the radium is in a fairly constant ratio to the uranium, and the idea 
is not far to seek that radium is a transformation product of 
uranium, and that the ratio by weight represents the ratio of their 
lives. It would then be possible (and scientifically necessary) to 
outline a genealogy of the active elements, representing their 
transformations. This is done in the table on pp. 546-546. 

Uranium is regarded as the primogenitor of the elements; its 
transformation velocity is so small that it has not yet been measured 
directly. From the above considerations its life has been estimated 
to be 6 X 10® years. Its first transformation product is a much more 
active substance, which can be so far separated by chemical methods 
that fractions of much greater activity can be obtained The 
weaker uranium residue regains its normal strength in a few weeks. 
The radiation of an old preparation does not come from the chief 
constituent alone, but from all its transformation products, which 
have accumulated in it according to their lives. The half-period of 
uranium X is 22 days. 

The direct transformation of uranium X into thorium has not 
been observed, and tho sequence expressed in the table is 
hypothetical. The position of thorium, too, has not yet been 
cleared up, as its elementary nature has been called in question 
without any decisive conclusion being arrived at. In any case a 
very active solid is formed in thorium preparations, just as in 
uranium compounds, which has the general character of a metal; 
the half - period is foi^ days, and it is transformed into an 
emanation, the half-period of which is only about one minute. 
In other respects it is. a gas of the same type as argon, ie. it does 
not enter into chemical combination. Diffusion experiments give a 
high molar weight (at least 100), and the isolation was effected by 
means of liquid air, which condensed the gas at - 160°. 

All solids, which come in contact with emanation, are covered 
with an active layer, which was known as “ induced activity ” before 
the materialistic theory of activity was accepted; it is soluble 
in acids, and behaves like a heavy metal, or its oxide. This 
thorium A is inactive, and its existence was deduced frdba the "fact 
that it changes into an active product of very short life, which 
resembles thorium A in other respeiJts, but can be separated from it. 

The next<atage, which is al^ hypothetical in its relation to 
thorium, is actinium, an element with the general character of the 
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rare earths, which, was discovered some time ago (1899) by Debierne, 
but has not yet been obtained sufficiently pure to permit of acoui’ate 
description. There seems to be no doubt about its individuality^. 

The transformations of actinium are very similar to those of 
thorium. The fii'st step is an element of similar nature with a short 
half-period, succeeded by a very short-lived emanation of the type 
of argon, and then by a closely related jiair of heavy metals, the first 
of which is inactive. 

The next permanent stage is radium with its accurately 
ascertained half -period of 1300 years. When freed from its 
transformation products, it sends out only a-rays. It passes 
directly into an emanation of the usual type, which, m virtue of its 
much longer half-period of 3‘8 days (that of' actinium is only about 
4 seconds) was earlier and much better known than any of the 
other emanations. Very large amounts of energy are set free by its 
decomposition ; water is decomposed into hydrogen and oxygen, glass 
is coloured violet or brown, and apparently much more extensive 
chemical changes are effected by it. By its transformation various 
solids are formed, as given in the table. The last product, which is 
possibly the first member of a new series, as its half period is 143 days, 
is very probably identical with the first strongly active element 
isolated from pitchblende, the polonium of S. Oune (p. 641). 

It-niust be, repeated that this table will undergo many alterations. 
The regularities which are already recognisable are indeed remarkable. 
Not only do the series of transformations alway,s proceed by way of a 
gas of the argon type, and the half periods of the successive products 
follow in the same order, but there is also a strikmg relation to the 
periodic system. Uranium belongs to the hexavalent group j it is 
followed in the table by members of the quadrivalent,, trivalent and 
bivalent groups. This suggests the possibility that there is a quinqui- 
valent element^ between uranium and thorium, and that polonium 
belongs to the silver and gold group, and i^ould thus come into the 
univalent group At any rate, the existence of an alkali metal of 
high combining weight has lately been made very probable 

The above sketch of this new subject merely purports to give a 
general idea of the new and important facts which the last decade 
has brought forth With the rapid development of science at the 
present tune, it will in a few years be possible to give a general 
synopsis of the subject wi1;hout too many hypothetical constituents. 
One result of the present-day rapid development of science ,is that 
work is published more hastily, and many unstable intermediate 
steps, which, under the old system of slower production, disappeared 
after they Lad served their turn, now enjoy their brief existence in 
the literature under all eyes. The unfortunate thing is that no 
formal notice is given of their decease. ► 

* This may possibly bo tbo recently disoovered loninm. 
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METHOBS 

The Problem. — ^The problem before us now is what will occur when a 
number of substances are mixed in definite proportions under given 
conditions. In general they will not be in chemical equilibrium, 
and consequently decompositions, combinations, and separations will 
result until equilibrium is reached. 

The formal side of this question has been dealt with, so far as. 
the present state of chemical science will permit, in the second part 
of this work ; and the two fundamental laws of equilibrium, 
the law of mass-action and the law of reaction against 
changes produced by external forces, have been discussed as 
the most general form o^ answer to this question. These processes, 
both in their course and in the final equilibrium, have been found to 
be characterised by coefficients, which are dependent on the chemical 
nature of the substances and on the external conditions of the 
process. But the only question considered in connexion with these 
coefficients was how far they’ could be regarded as constants. We 
shall now consider the further question as to the connexion 
between these coefficients and the.ohemical nature of the 
substances and the external conditions. Thus the abstract 
considerations of chemical energetics become endowed wijjh life, and 
the stoichiometric problems, which were the subject of the first "^art 
of this work, come into view again as the final aim of the later 
developments of general chemisti^. 

Since thSse coefficienTis define the equilibrium between the 
substances, the problems how far a system is from equilibrium, and 
649 
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what work it can perform before it reaches this condition, are capable 
of solution. But this is the main question in all applications of 
chemical processes, e.g. in technical and physiological chemistry; and 
it is a matter of the first importance in reviewing the results of 
processes to have an answer to it 

In addition to the total work, which is connected with a given 
change of state, there is the question of the velocity with which 
the final state is reached. This also is of the greatest importance 
in all applications of chemical processes, for just as it is not a matter 
of indifference to the technical chemist whether, he can prepare his 
products in a day or a week, so in a living organism every activity 
IS decisively influenced by the rapidity or slowness of the correspond- 
ing chemical reactions. 

Two groups of constants are therefore lequired for an answer to 
such questions : equilibrium constants and velocity constants. 
There is this relation between them, that the equilibrium constant 
can always be represented as the ratio of two velocity constants 
belonging to the opposed reactions. The former can be deduced 
from the latter if they are known; but very different velocity 
constants are possible for the same equilibrium, so long as the two 
velocities, vary to the same extent. In fact, the velocities can in 
certain oases be altered to a great extent by oatalysors, without 
affectihg the equilibrium at all. 

Measurements. — In each case the determination of the constant 
is effected by estimating at a given moment'the amounts of the 
different substances present in the system. In the simple case of a 
single substance in one phase this is the common problem of 
analysis. The determination of the dissociation pressure of calcium 
carbonate, or the solubility of an indifferent substance, is an example. 

It is a more difficult matter if several substances are to be 
estimated in the same phase. Ordinary m^ethods of analysis often 
fail to solve the problem. As a rule, in chemical analysis the 
substance to be dctennined is converted into another form, which 
admits of separation and measurement; the process only succeeds 
when the quantity of the substance to be estimated is not changed 
by this operation. Now, such a change always occurs, if the 
substance is a component of an equilibrium which depends on 
tho concentration of it, provided that the velocity of the reaction is 
of the same order as the -process made use of in the analysis. The 
error introduced by this is negligible only in those cases in which 
the velocity with which the equilibrium is established is sufficiently 
snialL 

If, for example, the quantity of silver ion in a solution 
of silver acetate is to he determined, the analytical process 
of precipitating silver ion by means of chloride "^ibn cannot be 
emxiloyed. For, although the addition of chloride ion as hydro- 
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chloric acid precipitates at first only the silver ion present, silver ion 
13 reproduced from the undissociated silver acetate, and this is at 
once precipitated, until at the end the precipitate contains not only 
the silver ion actually present from the beginning, hut all the 
silver ion which could be formed under the conditions, i.e. the 
potential silver ion. » 

On the other hand, the quantity of chloride ion formed under 
given conditions by the hydrolysis of monochloracetic acid, can he . 
determined quite well in this manner, for, as experiments show, no 
silver chloride is precipitated from pure monochloracetic acid and 
silver solutions at room temperature in the time necessary for an 
analysis. It is not that this reaction ceases during this period ; the 
velocity is so small that the quantity of silver chloride formed in 
the time can be made vanishingly small in comparison with that 
formed from the chloride ion present. 

The Pixation Methods. — When the alteration of the quantity of 
the substance to be determined is too great to be neglected, the 
analysis can often be carried out by bringing the system into a 
condition in which the velocity is very small, without changing 
the quantity of the substance to he determined. Since lowering the 
temperature is the most general method of diminishing the velocity 
of reaction, it is successfully employed in very many cases. But it 
must he effected so rapidly that the equilibrium has not ‘time to 
change during the cooling, where the system is still in the region of 
finite reaction-veloqity ; and, if necessary, special arrangements 
(leading through cooled tubes, etc.) must be made in order to fulfil 
this condition. 

Such a process has been employed in the study of the reaction 
between hydrogen and iodine (p. 337). After being heated for 
longer or shorter periods of time at the appropriate temperature, the 
vessel was cooled as rapidly as possible in order to fix the system. 
It is possible to find ou^ whether this has been attained by repeating 
the experiment under the same conditions, hut increasing the time of 
cooling to a known extent, and observing the difference caused by 
it, The possible error may also be approximately estimated by 
means of the temperature coefiicients of the reaction velocities. 

In addition to the lowenng of temperature, there are chemical 
methods of fixation, which can be made use of in special oases. 
Eeactions which are accelerated by the presence of certain substances, 
can he stopped by removal of these substances, or by converting 
them into othm' substances. Addition of “negative catalysers,” i.e. 
substances which dimmish the velocity of reaction, produdbs the^ame 
effect. Although the former of these methods has been frequently 
used, there is no instance of the latter being used in actual practise. 

Chemical fixation is often ut^d in the catalysis of cane-sugar by 
means of acids (p. 291), the acid being neutralised at the given 
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moment by addition of a base. As the quantity of tbe base cannot 
be easily measured, and excess has an effect upon the rotation, it is 
simpler to add sodium acetate. The concentration of hydriqn is 
greatly diminished as a result of the equilibrium between the ions 
(p. 414), and in consequence the velocity becomes so small as to be 
negligible. . <■ 

Blank experiments must be made in this case also, in order to 
be certain that the method has no effect on the magnitude to be 
measured. 

Should these means fail, we are confronted with the general 
problem of determining the amount of a given constituent of a 
mixture without interfering with it in any way. The simplest 
method of dealing with it is to choose the conditions of experiment 
in such a way that the amounts of all but one substance are known ; 
if the total quantity is determined, the desired value is given as the 
difference, 

Deville used this method in his determinations of the equilibrium 
between iron and water vapour. The pressure of water vapour was 
kept at a constant known value by surrounding the water vessel 
with a constant temperatui-e bath ; subtraction of this pressure from 
the total pressure gave the pressure of the hydrogen gas produced in 
the reaction. 

Physical Methods. — If several substances change their concentra- 
tions independently at the same time, this solution is not available. 
The physical methods, as they arc called, must be employed. 

All analytical methods which find employment in chemistry are, 
strictly speakmg, physical, since they depend on the measurement 
of weight, volume, or some other physical property, The essence of 
the chemical methods is that when the usual physics) methods of 
weight or volume determination do not suffice to effect the measure- 
ment, chemical processes are introduced, which admit of the physical 
separation of the substance (or of some transformation product), and 
the subsequent application of these methods. Physical methods, 
by a suitable choice of the property made use of, dispense with 
the necessity for separation or previous chemical action. 

The physical methods depend on the measurement in a mix- 
ture of some property which varies oimultaneously with the 
amount of the substance to be estimated. The relationship 
between the property and the amount of substance must be known. 

Two kinds of properties are available. They may be special 
properties, which belong alone to the substance in question ; in this 
ease,'measifrement of the property gives at once the quantity of the 
substance. Or they may be general properties, common to several 
or all of the substances present. “'The latter will be considered first, 
as it IS the more general case. b*" » . 

The choice of a property for this purpose is limited by the 
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condition that it must be constitutive as regards the process under 
investigation, ie. the total change of this property during the 
process must have a finite value. Additive properties, on the other 
hand, undergo no change in total amount, even though the individual 
substances have changed; such properties are of no use for this 
purpose. ■» 

No strictly additive properties are known other than mass and 
weight, so that any other property might be used. But the deviations 
from the additive character are often so slight that the influence of 
the experimental error is too great for the results to be of any use. 
The choice of the property is determined by the ease and acciuacy 
with which it may be ascertained ; the amount of change which takes 
place during the reaction is also an important consideration. It is 
also important that the change of property and of amount of sub- 
stance shall be proportional to each other. This always holds for 
small quantities : the limit, where this is, no longer true, must be 
ascertained in each case. 

General Theory. — This proportionality is assumed in the following 
discussion. 

Suppose the reaction to be represented by the chemical equation 
Aj -t Aj + Ag -t ... = -I- Bg -I- Bg -t . . ., aud the values of the selected 

property for one mol (or as many mols as there are in the equation) 

of A^, Ag, Ag . . ., and of Bj, Bg, Bg . . ., be a^, and 

/®i> i®2' Ps • ‘ respectively. Then tq -t og + og -t . . . = 2a, is the 

fraction of the total, which is due to the substances on the left side 

of the equation, while 2^ is the corresponding fraction for the right 
side, The alteration on complete transformation of A into B is 
therefore 2a - 2/3 = Eg, and if only the fraction x is transformed, the 
change amounts to x(2a - 2/8) or xEg. 

Now let A. and B be present in the amounts ag, ag, ag, and 
bi, bg, bg, a and b being expressed in terms of A and B as units ; the 
mixtui'e would possess ‘this property to the amount ajOg -t agOg -t- 
agOg -t bj/Sg + bg/Sg "t bg/Sg + . . . = 2aa 2b/3. After the un- 

known quantity x has been transformed, the value R of the property 
is measured, and from it x is to be calculated. 

E is given by the expression R = (a^ -t x)ag -I- (ag + x)a2 + 
(ag + x)ag . . . + (bg - x)/8i -1- (bg - x)B 2 + (bg - x)^g . . ., since 
ag, ag, ag . . . have increased by the same amount x, while 
bg, bg, bg . . huvs diminished to the like extent.^ The expression 
can be written in the form E = 2aa -t x2a -i- 2b^ - x2/3 or E = 2aa -t 
2b/8 -(- xRg, whence 

E-(Saa-t2b/3) 

Eg 

Eemembai'kig that 2an.-)-2b)8 is the value of the property in the 
* The value of x may be negative. 
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original mixture, and E the value after the amount x has been 
transformed, we see that in the numerator of the fraction 
we have the change of the property during the chemical 
change; this we may write AE. The denominator Eg is the change 
for the complete transformation of a formula-weight of the substance. 
This ratio gives the amount of transformation, which is 
accordingly calculated from the equation 



Applications. — Gladstone was the first to apply physical 
methods in a systematic manner to the solution of the problems 
of affinity. From his researches we can at once see the multiplicity 
of forms that can be assumed by the physical methods according 
to circumstances. Besides change of colour, which he preferred, 
he turned to account fluorescence, circular polarisation, and the 
phenomena of diffusion. The quantitative development of the method, 
however, was only partially carried out by him. 

An example of the physical method in a fully developed form is 
first found in Julius Thomsen’s calorimetric researches (1869), 
which yielded all the necessary information as to the distribution of 
substances in a homogeneous liquid. 

The coefficients a and fi are here Bimjily quantities of energy. If 
we deal, for example, with the action between sodium fluoride and 
hydrogen chloride, hydrogen fluoride and sodium chloride being 
formed, we have 

the energy of 1 mol of sodium fluoride, 
ttj „ „ „ hydrogen chloride, 

jSj „ „ „ sodium chloride, 

^2 j) » » hydrogen fluoride. 

In the equation 



All denotes the change of energy in piissing from the initial to the 
equilibrium state ; it is consequently the thermal eflect of the action 
of hydrochloric acid on sodium fluoride. The denominator is the 
difference of energy betweeh sodium fluoride plus hydrochloric acid, 
and sodium chloride plus hydrofluoric acid, i.e. the of the 

heats of nmitralisation of the two acids. 

STow the heat of neutralisation of hydrofluoric acid is 68'05 kj., 
and of hydrochloric acid 57-48 Icj,; the difference is 10-67 Iq., so we 
have Eg= -10-67 Iq. On the other hapd, when 1, gq. of hydro- 
chloric acid acts on 1 eq. of sodium fluoride there is observed a 
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heat-absorption of 9‘87 kj. 


Substituting these values, 


-9-87 

-10-67 


:0-933. 


obtain 


In this process, therefore, 0-933 of the equivalent or 93-3 per cent of 
the hydrofluoric acid is Isberated by the hydrochloric acid. 

Corrections. — We have, in arriving at this result, made the tacit 
assumption that no other alteration of energy takes place beyond 
that occasioned by the double decomposition. Now this supposition 
is not always correct; the substances present often act in quite 
another direction also, so that corresponding corrections must be 
applied. This is done by determining the thermal value of the 
secondary reactions by "means of special experiments, and deducting 
it from AE. The formula then is 

AE-q 

In many cases there is encountered the difficulty that q itself is a 
function of the value x to be determined. It is then simplest to 
calculate the values of E and q for some arbitrary values of z, which 
are to be so chosen that the real value of x falls between them, and 
can be calculated with sufficient accuracy by interpolation. • 

Indirect Methods. — In many cases 2a and 2^, from which Eq is 
obtained, cannot conveniently be measured directly. For instance, 
the heats of neutralisation of soluhle bases can readily be obtained, 
but not so in the ease of insoluble bases. There is, however, an 
important general method by which these values may be determined 
in another way. 

Starting ^rom either of the states represented by the two sides of 
the chemical equation, the same intermediate state is reached ; the 
difference of these two changes is equal to the desired difference 
for the complete transfdi-mation from the one end state to the other 
one. If we proceed from the first state to equilibrium, in which the 
value is S, the difference observed is 2a - S. From the other end, the 
value for the equilibrium still being S, the observed difference is 
2/3 - S. The difference of the two changes is (2a - S) - (2/3 - S) = 
2tt - 2/8, the desired value. • 

The process assumes that the substances are employed in the 
ratio given by the equation, on each occasion the amounts of 
substances represented by one or other side of the equation being 
caused to interact. It is also assumed that real equilibrium is 
attained from both ends ; m very slow reactions special precautions 
must be taken to ensure that this is so. 

To find the heat of neutralisation, for example, the salt of the 
first acid fe* acted on •with'Jbhe second acid, and the experi- 
ment repeated with the salt of the second acid and the first 
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acid in the free state. These give the necessary data for 
calculation of the partition, for 2a - S = AE. 

The Volumetrio Method. — A process equal to the calorimetric 
method in applicability, but much easier and more convenient to 
perform, is the volumetric method based on the determination 
of the specific volume. The utilisation of specific gravity for the 
quantitative estimation of dissolved substances reaches back to 
antiquity, and to-day occupies an important place in the arts and 
in science. It is therefore surprising that the application of 
this mbthod to the determination of the distribution of substances 
in homogeneous solutions was so long delayed. The first experi- 
ments were made by Tissier in 1859. Ostwald afterwards 
(1878) made numerous measurements by this method on the 
distribution of different bases between pairs of acids acting 
simultaneously. 

If d is the specific gravity of a liquid, then I/d is its specific 
volume, i.e. the volume occupied by unit weight. Multiplying this 
by the weight of the solution containing one mol of the substance 
considered, we obtain the molar volume of the solution If we 
bring together different solutions that can act chemically on each 
other, and so let the process take place, the molar volume of the 
mixed solution is seen to be different from the sum of the volumes of 
the components. 

The alteration of the molar volume on neutralisation is 
moderately large, and is much more varied thg,n is the case with 
the corresponding heats of neutralisation. The underlying principle 
is the same, and the formula 



still holds good, the letters having merely a correspondingly altered 
significance. AE is the change of volume occasioned by the action 
of the one acid on the neutral salt of the other, and Eq is the 
difference of the volume changes on neutralisation of each of the 
acids. If secondary actions take place, we got the corrected formula 

_ AE - q 

q being the change of volume consequent on the secondary 
reactions. ' 

The actual carrying out of the experiments can easily be brought 
to a high difgreo of accuracy by the use of the Sprengel pycnometer. 
The procedure is the same as in ordinary determinations of 
density; the temperature must b'e carefully kept constant, and if 
the pycnometer be capable of containing 20-30 g., the error is only 
a few units in the fifth decimal place. 
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To take an example : the specific volume of a potassium 
hydroxide solution, containing KOH = 66-l g. in a kilogram, was 
found eqlial to '960668 j that of a corresponding solution of nitric 
acid equal to '966623 ; the molar volumes are 950'668 and 966'623 
com. After mixture of equal weights of the two solutions, the 
specific volume of the potassium nitrate solution obtained was 
'968669 ; the molar volume (there being now 2000 g. of solution) 
is therefore 1937'338 com., wbils the sum of the molar volumes of 
acid and base is only 1917'291 ccm. Consequently, on neutralisation, 
there is an expansion of 20'047 ccm. 

The alteration is usually smaller than this ; for the fatty acids it 
falls as low as 6 ocm. 

The volumetric method can easily be extended to higher and 
lower temperatures. We have only to determine the thermal expan- 
sion of the liquids whose volumes are to bo compared, in order to 
obtain the material necessary for calculating the distribution of the 
base between the acids for every other temperature. 

Another general property which can be used in the same manner, 
and has been so applied, is refraction. Since no new j)rinoiple is 
involved, details need not be given. This does not exhaust the list 
of general properties which might be employed, but none of the 
others have been made use of to any extent. 

Special Properties. — The most favourable cases fpr the 
application of special properties occur when a property can be 
found which is not shared by the other substances present, and 
whose amount is proportional to its concentration. Measurement 
of its magnitude gives directly the desired quantity. 

There is a possibility of error, if the assumed proportionality is not 
exact, or if the factor is afifected by the presence of other substances 
which do not'possess the property in question. It is not always easy 
to make control experiments, for a change of value of the property 
may either be due to the change in the amount of the substance, or 
to a change in the factor. The only means that can be employed in 
such cases is to measure another independent property. Comparison 
of the two results will show which of the two possibilities is the 
more probable. 

An example of this method is the estimation of the quantity 
of sugar in a solution from the rotation. Measurements of pure 
sugar solutions have shown that the rotation is by no means 
exactly proportional to the concentration. Correction must be 
made for this, in very accurate work. The presence of other 
substances, as salts, alcohol, etc., affect the rotation, bu^ only to a 
slight extent. 

Similar to this is the estimation of concentration by means of 
the colour, if only one, substance is present which has a marked 
light-absorption. The validity bf Behr’s law, that the extinction- 
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coeffieienfc is proportional to the content of the coloured material, is 
taken for granted • there are, however, deviations in certain cases, so 
that the law must be tested in each new application of it. 

A colorimeter is employed in making these measurements. 
It consists of two tubes closed below by plane glass plates ; in the 
one is placed the liquid under investigation; to a known height in 
the tube. In the other the height of a standard liquid is varied until 
both tubes appear of the same colour when viewed vertically. Many 
devices have been employed to make this comparison convenient 
and accurate; in one of the simplest and best, two parallel mirrors 
are placed above Idle tubes at an inclination of 46° to their axes. 
Part of the silvering is removed from the front one ; when the other 
is viewed through the opening, the light is .seen surrounded by the 
light from the first one ; this permits of very accurate adjustment of 
the colour of the two columns of liquid. The error introduced by 
the slight asymmetry of this arrangement can be ascertained by 
preliminary experiments, and allowed for (Donnan, 1896). Theoreti- 
cally hotter is the use of the Lummer-Brodhun cube 

Group Properties. — ^Between the general properties which occur 
in all substances, and special properties which are individual, 
there are intermediate properties which are common to large or 
small groups of substances. In the first place, there are the 
oolligativo properties of gases and dilute solutions, from the 
measuiement of which important conclusions may often be drawn. 
An example of this is the estimation of the degree of dissociation of 
certain compounds from the gas density. The value, about 140, 
found for phosphorus pentachloride, proves that a compound PClj 
is certainly not present in the vapour; but it does not indicate 
what substances are actually there. But if it is otherwise known 
what is present, the relative amounts can be ascertained from the 
observed vapour-density, as was shown in the case’ of nitrogen 
peroxide (p. 306). 

A very wide field was opened up by the extension of the gas 
laws to dilute solutions. It has already been mentioned how it has 
led to one of the most important advances of modern chemistry, the 
theory of free ions. 

Ions. — The idea of free ions broitght with it a new series of 
problems regarding their natime and amounts. As to the former, 
the question of their composition in special cases, such as in the 
formation of complex compounds, can he answered by applying the 
criterion of double decomposition: groups which can take the 
place^ of knpwn ions in salts are to be regarded as ions. A further 
guarantee for the results is afforded by the phenomena of migration : 
constituents which wander to the qnode (p. 389) belong to the anions, 
and conversely. » n 

Electrolytic conductivity is'a certain proof of the presence 
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of ions, If there is any uncertainty as to whether the conduction 
IS metallic or electrolytic, the appearance of polarisation after the 
passage of a current will give the information. A still more certain 
proof is the existence of a potential when the substance is connected 
up with two different metals to form a cell. If the conductor 
is metallic, the electrometer will show no potential. The metals 
selected should be far apart in the potential series, e.g. zinc and 
platinum ; to eliminate accidental compensations, the experiment 
should be repeated with other pairs of metals. 

An approximate estimate of the concentration of the ions may 
be made from the observed electric conductivity. The migration 
velocity of the different ions (with the exception of hydrion and 
hydroxidion, whose presence is easily recognised by the acid or 
alkaline reaction) is much the same, so that an approximate idea may 
be obtained bymeans of the figures and rules given onp. 390and p. 392. 

After all, conductivity is only a group reagent for ions in 
general, showing their existence, but not their nature. But if this 
IS known, the conductivity is an excellent means of estimating the 
concentration of ions; this application has been explained in a 
particular case on p. 404. 

In many oases there are so many kinds of- ions present that the 
conductivity affords no information as to the amounts of each kind. 
Specific reactions of single ions come in here. These oooui' in 
the chemical equilibria with solid phases (p. 426); from the ’diminu- 
tion of solubility of a sparingly soluble substance the concentration 
of one of its ions can be found. 

Another means which can be employed in cases with very 
small concentrations of an ion consists in the measurement of the 
potential between the solution and an electrode which is in equi- 
librium with' the ion. An example of this has already been given 
(p. 447). 

Velocity of Reactioi^ — One of the characteristics of chemical equi- 
librium is that any possible displacement of the system requires or 
yields an infinitely small amount of work. Its determination is 
thus a problem of energetics, and it is definitely fixed if the 
interdependence of the work and the relative amounts of the 
substances are known. , 

That a chemical reaction, with an appreciable velocity, will take 
place if the general condition of equilibrium is not fulfilled, can be 
demonstrated from the principles of energy; it can also be shown 
that, under otherwise equal conditions, the velocity with which the 
reaction will proceed to equilibrium will be proportional to.the distance 
from equilibrium. How this distance can be measured follows'from 
the form of the laws of the velocity of reaction (p. 289 et seq,). 

These shqw that a rgactiop will take place with finite velocity, 
and, secondly, that the successivb parts of the reaction are completed 
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in times whicli stand m regular relation to each other; but they 
do not show what time is required for a given fraction of the 
reaction to take place. The laws are satisfied, whether the trans- 
formation of one per cent of the total requires a second or a year. 

No estimate of the absolute velocity can be made from the 
relation of the velocities of two opposed, reactions, which lead to 
an equilibrium. If one velocity and the equilibrium are given, the 
other velocity is also defined ; hut from the equilibrium alone the 
ratio of the velocities can be deduced, and their absolute values can 
be any amount. 

These considerations are strikingly confirmed by . experience. 
Circumstances which have little or no effect on the equilibrium 
alter the velocity to an extraordinary extent. . A well-known example 
of this is the formation of esters from acids and alcohols ; while the 
velocity is increased a thousand-fold by a temperature increase of 
about 100°, the equilibrium is, owing to the small heat of reaction, 
displaced to a hardly recognisable extent. Further, the effect of 
raising the temperature is fundamentally to increase the velocity, 
while equilibrium may he displaced in either direction.^ The general 
rules have been already given (p. 297). 

Other conditions beside temperatm-e have a great effect on the 
velocity, above all others the presence of other substances. As 
stated on p 298, such an effect always exists, but it is in many 
oases not large, and has not attracted much attention. But in other 
oases very small quantities of foreign substances bring about 
enormous changes in the velocity. The change may be positive 
or negative, i.e. either increase or decrease of velocity. 

These substances are called catalysers, positive or negative 
according as they accelerate or retard the reaction, For their action 
see p. 298 d seq. 

Kinetic AnaIysi8.-~Owing to these various strong-influences, there 
is no simple connexion between the velocity of reaction and the 
general stoiohiometno properties of substadces. It is, however, a 
very wide and delicate means for the more exact analysis of chemical 
processes. 

The ordinary methods of preparation take into account only the 
beginning and the end, and the assumption is commonly made that 
there is only one step between them. It has been already established 
in many cases that an apparently simple procoss passes through a 
large number of intermediate stages, some of which can be proved 
under suitable conditions. There is apparently no more simple 
reaction that the oxidation of the base metals by free oxygen. And 
yet it is known that the metal and oxygen do not directly combine, 
since in pure oxygen even the very positive metals are not measurably 

' There aio a few cases in which the velocity falls Cff with rise oftemperature. It 
is not yet known what special cironmatanoes are responsible for this. 
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oxidised. Water is almost always necessary, and hydrogen peroxide 
18 legnlarly found to be one of the products 

The law of intermediate stages is to be regarded as the 
general ground of this complication: according to it, the most 
stable product of a reaction does not result, but the most unstable 
which can result from the point of view of energy. There are 
doubtless other constitutive influences at work, which decide which 
of the possible reactions does take place. As to this, however, no 
general laws are known. 

In the investigation of reaction velocities we have a means of 
obtaining information on such questions. According to the laws 
of chemical kinetics the velocity of a process is proportional to the 
concentration of all the substances participating in it. If the 
general chemical equation, aA + bB + cO + . . , = xX, represents 
the process, which we shall assume, for the sake of simplicity, to 
bo complete, the reaction velocity is proportional to the product 
(A)'' . (B)’' . (C)“ . , ., where the letters m brackets denote the 
concentrations of the given substances, and the small letters their 
molar coefficients. If now a reaction is made up of seveml stages, 
the velocity of each step is expressed by a formula for this single 
reaction, and the formula for the total process is of no account 
in the equation for the velocity. 

The question is undoubtedly more complicated on this account. 
Fortunately, cases are frequent in which most of the reactions are 
very rapid, and only pne of them slow. This one defines the whole 
reaction from the point of view of time, and the equation for the 
whole velocity of reaction depends on its chemical equation. Wo 
may assume that the slow reaction corresponds to the first stage 
of the total process, for if the first stage is a rapid process. 

Its product will ,be found as the reaction product, which can be 

obtained if the possibility of further transformation is removed. 

The method of isolation of the reaction factors (Ostwald, 
1896) is ap 2 i]ied in the kinetic analysis of the process in such a case. 
The reaction is so carried out that all the concentrations except one 
are relatively very large; their influence on the reaction is thus 
excluded (since they change to a very slight extent during the 
reaction), and the influence of tJie substance present in small quantity 
alone remains. For instance, in the above reaction A is taken in 
small amount, B and 0 in large amount. The two last concentra- 
tions become constant, and the velocity of reaction is proportional 

to (A)'‘, whence .the order of the reaction for the substance A is 

determined. Similarly with B and C, and thus the left sMe of the 
true equation for the velocity is obtained with the correct molar 
coefficients. Although this does not decisively settle the right 
Bide of the equation, yet it generally places us on secure ground 
from which the further question may be more easily answered. 
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An illustration of the value of this method may be given . the 
catalytic influence of molybdic acid on the oxidation of iodide ion 
by means of hydrogen peroxide. The order of reaction for the 
hydrogen peroxide alters on addition of molybdic acid, fromVhich 
the important result for the theory of catalysis is obtained, that 
at least in this case there is an intermediate reaction between them 
(Bredig and Erode, 1901). 



CHAPTER XXVin 


STOIGHIOirETBIO RELATIONS 

General. — A law whose validity has always been assumed is that the 
afiSnity of substances stands in regular and unmistakable relation 
to their composition and constitution. And yet a quite important 
part of the usual chemical systematics is based on great 
differences in the affinity, the perception of which did not 
necessitate quantitative measurements : later quantitative, research 
supplied the detail and exact numerical data to fill in this general 
ground plan. 

The second stage of development has not yet made much jidvance, 
and, in particular, the available material still awaits systematic 
working up and arrangement. No attempt is made in the following 
pages to work out su^h a system, and this final chapter of the book 
is rather in the nature of an indication ' of what could and should 
be done in this direction, than the embodiment of completed 
researches. 

As chemica,! reactions of ions can be more easily and quickly 
observed than those of other substances, it is natural that in the 
order of historical development affinity problems should be at first 
confined to these phenomena. The affinity tables of last century 
contained only salt reactions, and when, at the end of it, the 
quantitative treatment of affinity began to develop, it was agam 
the problem of salt formation which was first attacked. 

It was not until the second half of the century that non- 
electrolytes claimed scientifift attention. As the attempt to transfer 
ideas gained from the study of electrolytes, as embodied in the 
electrochemical system of Berzelius, to this new class of compounds 
was bound to fail, the mistake was madh of rejecting these views 
as erroneous, and because binary formula would not fit alcohols 
and hydrocarbons as well as salts, salts were made to St unitary 
formulae like the hydrocarbons. It is only in our own times that 
this has been recognised to be as great a mistake as it was to apply 
electrochemical slualism to erganic compounds. 

Eor the considerations of this chapter the chemistry of ions 
■ 663 
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must be separated from that of non-ibusj the two have widely 
different oharactenstics. The difference to some extent coincides 
with' the traditional difference between inorganic and organic 
chemistry, but only partially, and it would be a serious mistake to 
represent inorganic chemistry as the chemistry of ions. For not only 
are there numerous reactions of inorganps 'chemistry which cannot 
be represented from the ionic point of view, but organic chemistry 
contains innumerable substances in the ionic form. Several very 
important stoichiometric properties of ions were discovered and 
worked out on organic material. 

History. — Thehistory of this problem commences with the affinity 
tables, i.e. with the order in which substances are displaced from 
analogous compounds. Stahl gave the problem this form; it was 
then taken up by Geoffrey and brought to a conclusion by T. 
Bergmann in the last quarter of the eighteenth century. These 
tables were at first supposed to express only the qualitative order 
of the affinity, but later also the quantitative order. That they were 
given up as rapidly as they had been adopted, was owing to the 
inadequate nature of the assumptions on which they were based. 

The supposition was that affinity was to be regarded as a kind 
of mechanical force. Just as a larger force overcomes a smaller, with 
the result that the body moves in the direction of the greater, so 
chemical reactions take place exclusively in the direction of the 
greater affinity. This basis was attacked by Berthollet at the 
begirining of last century, and although he did not succeed in putting 
his new views as to the occurrence of chemical equilibrium into de- 
velopable form, the affinity tables vanished after their appearance. 

On the discovery of the laws of stoichiometry at the beginning 
of last century, followed soon after by the development of organic 
chemistry, the question of the laws of chemical affinity receded into 
the background. The reactions of carbon compounds were apparently 
so little the result of greater or smaller forces of affinity, and so much 
dependent on the “arrangement of the atbrns,” that Dumas in his 
first attempts to develop the theory of types would admit only the 
latter as having any influence on reactions. Although the error of 
such a view was soon recognised, the circumstance remains that 
affinity problems in the strict sense scaiicely arose in organic chemistry. 
Even when Berthelot and P6an de St. Gilles discovered and 
studied in the formation of esters from acids and alcohols (1862) an 
example belonging to organic chemistry, in which the partial and 
conditional course of the reaction with time could^ be very plainly 
followed, many years elapsed before the revival of the development 
of Berthollet’s theory by Guldberg and Waage (1867) rendered 
possible the foundation of a systematic doctrine of affinity. 

The first to advance in the new direction wag, „J. Thomsen 
(1868), whose thermochemical investigations had for their aim the 
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affinity relations between acids and bases. The most essential featiu’e 
of this research, after the proof of the validity of the law of mass- 
action, w5,s the discovery that the affinity of acids, as derived from 
their equilibria, was quite independent of their heats of neutralisa- 
tion. Thift finally set aside the error that the two are proportional. 

Aiter Thomsen’s imfestigationa came those of Ostwald (1877 
onwards) which showed that the moat widely different reactions of 
acids are proportional to one another, and that, therefore, specific 
affinity coefficients can be assigned to them (as also to bases, 
as was shown somewhat later) which change with the temperature 
and the concentration, hut ^re independent of the nature of the 
reaction. 

According to Arrh-enius’s theory of free ions these specific 
coefficients are defined by the concentration of free hydrogen ions 
or hydroxyl ions present, and’ the equilibrium phenomena of electro- 
lytes were traced to the dissociation coefficients of the substances 
concerned (p. 406). 

Thus the affinity problem for homogeneous equilibrium in 
electrolytes is really solved, if the coefficients are known. The 
investigations have been principally made on aqueous solutions; 
other solvents present certain difficulties, which have, however, been 
for the most part overcome. 

The Affinity Constants of Acids. — As was shown on p. 400,. the 
dissociation constant k is given by the formula 
’ , 

(l-a)v ’ 

in which a is the fraction of substance dissociated and v is the dilution. 
The formula contains a single constant k, determined by the nature 
of the substance, and this constant is the required measure 
of the chemical affinity under the given conditions. 

To grasp its significg-nce let us imagine half of the substance to 
be dissociated. Putting*a= A we get 

l = kv; 2k = l. 

2 k IS thus equal to the reciprocal of the dilution, i.e. to the concentra- 
tion, for which the electrolyte is exactly half dissociated. 

The measurement of electric conductivity is the simplest and 
most exact method of measuring k. We’have seen (p. 392) that the 
extent of dissoojation a is the ratio between the corresponding molar 
conductivity and the limiting value of the conductivit^rfor infyiite 
dilution, 

The stoichiometric relations of. the constant k are particularly 
noticeable in. the organift acids (Ostwald, 1889), and will be re- 
produced for a few typical casSs. As the constant derived from 
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the formula = i® inconveniently small, the larger number 

K=100 k will be used in what follows. All the numbers^ were 
determined from the electric conductivities at 26°. 

The constants for the fatty acids were found to be 


Formic 

Acetic 

Piopionic 

Butyiic 

Isolmtync . 

Isovaleric 

Oaproic 


H.COaH '0214 

CH3. GO.3H 00180 

CaHj.COjH 00145 

C3H7.CO.3H ‘OOllS 

OjBt.COaH '00169 

C1H9.CO2H -00161 

CsHu.COaH. '00147 


The values of the three first members decrease continuously ; the 
substitution of OH3 for hydrogen thus lowers the activity of the acids. 
After the third member the values vary irregularly by small amounts. 
The substitution, therefore, when taking place at a distance from the 
carboxyl group exerts no noticeable influence on the latter : other 
infiuen,ces^then come into play, but these are at present beyond our 
knowledge. 

It IS somewhat remarkable that the isomeric butyric acid and 
isobutyrio acid should have almost equal values. This is not of 
frequent occm-rence, isomeric compounds having mostly very diverse 
values. 

If we introduce chlorine into acetic acid in place of hydrogen, the 
constant is considerably raised. 


Acetic . . . OOlSO 

Monoehloraoetio . . 166 ^ 

Dichloracetio . 6'14 ^ 

Triohloraoatio . 30 (*) 


Inquiring into the manner in which changes'^in the complex affect the 
carboxyl and thus the constant, we may first of all ask whether the 
latter is altered by the same amount or in the same ratio by 
the changes. A glance at the numbers is sufficient to show that the 
latter alternative only is possible. , Tho-differences for the substitution 
of one atom of hydrogen by chlorine are "163, 4:'99, and 25, while 
the corresponding ratios are 86, 33'2, and 6. That the last numbers 
are not equal is not surprisihg (p. 226), for the changes are not equal, 
chlorine in the first case entering a molecule in which no chlorine is 
already present, while in the second case the substitution is effected 
in the group OHgCl, and in the third case in the group CHOlg. The 
three changes are thus not tbs' same hut only similar, and the 
corresponding ratios are consequently not equal but. only of the 
same order. 
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The influence of the substituent chlorine on the acid properties ' 
of acetic acid is very considerable ; we must therefore attribute to 
it important “acidifying” properties. The way in which this action 
18 exerted can at present be scarcely indicated even hypothetically. 
Berzelmij assumed that the atoms of chlorine were charged with a 
somewhat large excess' of negative electricity and therefore exerted 
a strong attraction on positively charged bodies, like the metals. 
This hypothesis is difiBcult to reconcile with the knowledge we now 
possess of the behaviour of electricity, since the substances show no 
free electricity. We still retain from the old theory the designation 
of the elements as positive or negative according as they incline to 
form basic or acid compounds." 

If instead of chlorine we take some other " negative ” substituting 
radical, we in the same way obtain an increase in the strength of the 
acid. Thus, for example, w6 have 


Aoetio 

Monobromaoetio . 
Cyanaoetio . 
Thiooyanaoetio . 
Cai’bamyltliioglyoollio 
Thioglyoollio 
Glyoollio 


CH 3 . CO 2 H ’00180 

OHjBr.COjH -142 

0Hj(CN)C03H -370 

OHjlSCNlCOjH * ,’266 

CHj(S CO.NHjICOjH '-0246 

CH2(SH)C05H '0225 

CHj(OH)C 02 H - '0162 


The constant for bromacetic acid '142 is not very different 'from 
that for chloracetic acid *166, as we might expect from the agreement 
between hydrobromfc and hydrochloric acids. On the other hand, the ' 
constant of cyanacetic acid is considerably greater : cyanogen is thus 
a much more “ negative ” substituent than chlorine or bromine. 
Nevertheless hydrogen cyanide is so weak that it scarcely deserves 
the name of acid. This circumstance forces us to the conclusion 
that hydrogen ‘’cyanide is not at all comparable with the halogen 
hydracids. ^ 

The radical thiooy&iogen is likewise of much greater influence 
than chlorine, but the constant does not reach the value for cyanacetic 
acid. Thiocyanic acid is a genuine hydracid, and quite comparable 
with hydrochloric acid in point of strength. 

The extraordinary enfeeblement suffered by this acid on taking 
up the elements of water to* form carbamylthioglycollic acid, a sub- 
stituted acetic acid in which the residue of thiocarbamic acid replaces 
a hydrogen atom, is very remarkable. The constant sinks to a tenth 
of its former value. The cause is probably tp be sought in the action 
of the basic group NHg, which is introduced. , 

The replacement of the hydrogen of acetic acid by hydroxyl also 
produces a considerable rise in thj strength of the acid, the constant 
of glycollic acid being some eight times greater than the constant of 
acetic acid. ’ ^ydrosulphyl, SH,«in the same position occasions a some- 
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what greater increase than hydroxyl, a6 we might expect from 
hydrogen sulphide being a stronger acid than water. 

If a second hydroxyl is introdnced into acetic acid, glyoxylio acid 
is 'produced : 

Glyoxylio acid CH(OH)20O2H '0474 

The ratio between acetic acid and gly collie acid is 1 ; 8; between the 
latter and glyoxylio acid 1 ; 3. The second substitution of hydroxyl 
is thus less effective than the first. This result may be compared with 
the corresponding one for substitution of chlorine. 

With tbiogly collie acid we may compare thioacetic acid. We 
have ; 

Thioacetic acid CHg.COSH* *0469 
while the constant for thioglycollic acid is 0223, not so much as half. 
The reason lies in the much closer connexion in thioacetic acid 
between the entrant “ negative ” sulphur atom and the acid hydrogen 
atom, the action of the sulphur coming much more strongly into play. 

The hydroxypropionic acids are quite parallel to the corresponding 
dorivatives'hf acetic acid. We have two monohydroxy-acids however, 
and these have different constants, 

iVBids, K. 

Piopionio .... CHs. CHj.COjH '00146 

■ Xaotio CHs. CH(OH)COjH OISS 

|3-Oxypropionic . , , CHj(OH) . CHj . COjII '00311 

While the hydroxyl in the a-position increases the constant of 
propionic acid tenfold, the same radical m the ;8-position only acts 
with the factor 2'3. This is a very clear case of the general principle 
that the action of the various elements on the affinity''dep6nds not 
only on their nature, but also on their “ position ” orrcoqstitution. 

If a p-hydroxyl la introduced into lactic acid, glyceric acid is the 
product. r 

Glyceric acid OHjCOH) . CH(0H)CO2H '0228 

The ratio of the constant to lactic acid is 1-7, while the ratio between 
propionic acid and j8-oxypropionic acid is 2 3. The alteration is in 
both cases of the same order, but smaller where the substituting 
radical is already present. This is exactly what we found for the 
chlorine and hydroxyl substitiution products of acetic acid. 

A similar influence of the position of the substituent is seen in the 
case of levulinic acid. 

‘Levulimo acid OHg.CO OHj . OHg . OOjTI '00266. 

Apart from the position of the carjionyl_group this acid is related 
' to valeric acid as glyoxylio acid is to acetic acid, The^ ratio of the 
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former acids is, liowever, only 1*5 :1, while the ratio between the 
latter is 26:1. The enormous difiference can only be ascribed to 
the distance of the oxygen atom (or the equivalent two hydroxyls) 
from the carboxyl in levulinic acid. 

Further examples of the influence of position are to be found in 
the following substance^: 


Adda. K. 

o-oMoropropionio CHj . CHOI . COaH -15 

^■chloropropionio . GHaCl . CHa . COjH '0086 

/9-iodopropioiiic . . CH„I . CH,, . COjH -0090 

tiioliloiolaotio . . , CCls . CHOH . OOjH '486 

a-chlorobutyrio . .' C^Hj. OHOl.COjH 'H 

^-ohlorobutyi'io CH3.CHCl.CHj COoH -0089 

7-oblorobutyuo ' . CHjCl . CHj . CHj . COsH -0026 

tmbloiobutyiio. . .CH3.CHCI CCb.COjH 10 

mti'ooaproio . . CH3 CHiNOs) . CfCHsls . COjH •0123 

dimtiooaproio . . CH3 CiNOjlj. C(CH3)3. CO2H -0694 


The influence of position is more marked the stronger the effect 
of the substituent itself is. ^ 

In the case of triohlorolactic acid the difference is very •marked. 
The constant of lactic acid is ‘OISS, and the three chlorine atoms have 
increased this in the ratio of 34 to 1. The same substitution for 
acetic acid gives an increase from ‘0018 to 30, a ratio of 1 : 16000, 
ie. the influence in the latter case is some 400 times greater. 

Monomtrocaproic acid with the constant •OlflS conducts 8 '5 times 
better than caproio ’acid. It cannot therefore be an a-compound ; for' 
the nitro group proves itself to be far more negative than chlorine, 
and chlorine in the a-position effects an eighty-fold multiplication of 
the constant. The number, however, corresponds very well with the 
supposition that the nitro group is in the ;S-position, an assumption 
already made from the chemical behaviour of the substance. The 
introduction of a secc^nd nitro group occasions an increase of the 
constant of mononitroftaproic acid in the proportion of 5 '6 to 1. 
The factor for the second group is smaller than for the first, a fact in 
agreement with what we have already found. 

The influence of position can be investigated much more exten- 
sively for the derivatives o^ benzoic acid than is the case with acids 
of the fatty series. For example, the following constants have been 


observed ; 

Acid * K. 

Benzoio . , . CsH^COgH •0060 

o-Oxybonzoio -j ^ '102 

. in-Oxybenzoio I . . OaH^COHlGOjH “OOSI 

p-Oxybenzoio j ^ -00286 


Benzoic „^oid itself is,more* powerful than the higher fatty acids, 
stronger even than acetic acid.* Phenyl is in general more negative 
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than methyl, for phenyl alcohol or phenol has the character of a 
■weak acid, which is not the ease 'with methyl alcohol. The introduc- 
tion of hydroxyl la extremely different m its effect according as it 
occupies, the ortho, meta, or para position. In the o-position ' its 
influence is greatest — ^the constant is multiplied by 17. The increase 
is only in the ratio 1‘4 ; 1 when it occupies th9,in-position, while in the 
p-position its entrance effects a weakening of the acid, the constant 
sinking to about half its former walue. 

• Trom the effects produced by the introduction of hydroxyl into 
the three different positions in benzoic acid, we can estimate very 
closely the constants of all the other, hydroxy benzoic acids. The 
following numbers have been obtained for these substances, the 
position of the hydroxyls -with reference to the carboxyl group being 
indicated by the numbers affixed to the formula, counting from the 
carboxyl group as 1. 


Oxysiihoylio . 
Oxysalioylio . 
tt-IteaoiSyliQ . 
jS-Reacioylio . 
Piotooatechuio 
s-Diosybouzoio 
Gallic 

Pyrogallol-oarbo-xyho 
Phloi'oghioin- carboxylic 


K 

CuHafOHbCOjH (2,3) '114 

CaHafOHl^COjH (2,6) -108 

OoH3(OH)..C02H (2,6) 6 0 

C„na(OH)jCOjH (2,4) -062 

08Ha(0il)3C0aH (3,4) -OOSa 

OoH8(OH)jC 02H (3,6) 'OOgi 

CoHo(OH)3G03H (3,4,6) '0040 

06 H 3 (OH)sOOjH (2,3,4) -oee 

C„H2(OH)3COjH (2,4,6) 2‘2 


According to what we have already seen, the simultaneous 
action of several substituents -was mostly of such a character that each 
contributed a factor to the constant according to its nature and 
position. The factor was to some extent, but not entirely, independent 
of what already existed within the molecule, being lesf for the second 
substitution of the same group than for the first. 

Thus we should be led to expect that 2, 3-bxy salicylic acid would 
be somewhat stronger than salicylic acid; because the m-hydroxyl, 
which has entered, increases the constant slightly (see above). Salicylic 
acid has the constant T02, oxysalicylic acid dli, thus confirming our 
expectation. _ , 

In 2, 5-oxyEalicylic acid the hydroxyl likewise occupies the m- 
position, the two isomeric acids have therefore both the hydroxyl 
groups equally distant from'“the carboxyl. Nevertheless they are 
somewhat different , the 2, S-acid being indeed stronger than salicylic 
acid, but notrso much so as the 2, 3-acid. This proves that the action 
of the separafe substituents is to a small but still noticeable extent 
dependent on the others. 

If the two formulae are written down in. the ordingj;.7 way with 
the benzene nucleus represented by S. hexagon, it will be seen that 
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the position 2, 3 la more fayourahle to the mutual action than the 
.position 2, 5. 

/?-Eesorcylio acid (2, 4) is produced from salicylic acid by_ the 
introduction of hydroxyl into the p-position , it should therefore he 
only half as powerful as the latter. Its constant -062 is, in fact, only 
half that of salicylic Jicid, •102. 

In ot-resorcylic acid there are two hydroxyls in the o-position. 
The first hydroxyl introduces the factor 17, the second hydroxyl 
supplies the factor 49. This is contrary to what we found before' 
(p. 666), viz. that the second of two like substituents effected^a 
smaller increase than the first This new phenomenon, however, is 
not a singular instance, as may he seen from the following figures : 


Aoiil ’ 


K. 


Gallio 

Monobromogallio 

Ditromogalho 


OeH3(OH)sOOaH -0040 

08HBr(0H)gC02H '069 

CeBrjCOHjjCOjH 1'21 


Since the three hydroxyls occupy the places 3, 4, 6, the bromine 
atoms must both be in the o-position. The first bromine atom 
increases the constant 15 times, the second atom 20 times Here 
also, then, the second substituent acts more powerfully than the first. 
From this it follows that the o-position in the benzene nucleus con- 
ditions quite different actions from the a-position in fatty chains. A. 
comprehensible geometrical explanation of these peculiar relations 
is not far to seek, but we cannot enter upon it here. 

Protooatechuic’aoid with one hydroxyl in the m-position and the 
other in the p-position, should, owing to the latter, be only half as 
strong as m-oxyhonzoic acid. This also is actually found to be the 
case. 

Symmetrical dioxybenzoic acid has two m-hydroxyls and conse- 
quently a 'constant '0091, exceeding slightly that of m-oxybenzoic 
acid, '0087. All th^ dihydroxybenzoic acids thus obey the law 
that the constants of afcnity of multi-substituted acids appear approxi- 
mately as products of the factors due to each of the substituents 
separately. 

It IS also possible to calculate with a considerable degree of 
accuracy the constants for ^11 tl^e known trioxybenzoio acids. Thus 
gallic acid is the p-oxy derivative of symmetrical dioxybenzoic acid j 
its constant should therefore be about half that of the latter. The 
actual numbers are '0040 and '0091. Pyrogallol-carboxylic acid 
is the p-oxyderivativ6 of oxysalicylic acid; the constants are ‘066 
and -114— again in the ratio of 1:2. Phloroglpcin-oaiirboxylio acid, 
lastly, is the p-oxy derivative of a-resorcylic acid, and their respective 
constants are, according to expectation, 2 '2 and 6'0. These relations 
hold good-^ith such sertaiaty that the constants for the three^ 
unknown trioxybenzoic acids Jan be given beforehand, so that once 
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the acids are prepared, a simple measurement of their electric conduc- 
tivity will suffice to determine their constitution. Other substituents 
in bpnzoic acid behave quite similarly to hydroxyl. 


o-Chlorobenzoic l 


•182 

m-Olilorobanzoio !- 

GoHjCl.GS-jH 

■0155 

p-Olilorobenzoic J 


•0093 

o-Bromobenzoio \ 
in-BromobeMoic / 

OeHjBr. OO^H 

•145 

•0187 

m-Muorobenzoio 

OaHjP.COjH 

•0136 

m-Gyanobenzoio 

CoHilONlCOaH 

•0199 

o-Nitrobenzoio r 

•68 

m-Nitiobenzoio I 

. 0,H4(NO,)Cq2H 

•0346 

p-Nitrobanzoio j 


•0396 

o-Nitrosahoylic (1, 2, 3)1 
p-Nitro8Q.heylio (1, 2, 6)/ 

, G„Hs(0H)(N03)C0aH 

1-67 

•89 

Bromoniti'oboiizoio (1, 2, 6) 

. CsH^BrlNOalCOsH 

1^4 


These numbers again call for a few remarks. Chlorine as a 
substituent j.n benzoic acid acts quite 'differently from hydroxyl. 
Whereas ■o-chlorobenzoic acid is only a little stronger than salicylic 
acid, m-chlorobenzoic and p-ohlorobenzoio acid are more powerful 
than the corresponding hydroxyl acids. Chlorine in all three 
positions .increases the constant. Bromine behaves very similarly to 
chlorine, ‘only, while the ortho compound is somewhat stronger, the 
meta compound is distinctly weaker, than with chlorine. m-Fluoro- 
benzoic acid has exactly the same constant as the corresponding 
bromine compound — an unexpected result, as hydrofluoric acid is 
much weaker than hydrochloric acid. Cyanogen shows its strong 
negative character in this case also, its influence surpassmg that of 
chlorine ; as cyanacctic acid is considerably stronger than chloraoetic 
acid, so m-oyanobenzoic acid is superior in point of strength to the 
corresponding clilonno compound. 

A. group still more negative than cyanogen is the radical NOg 
In the ortho compound the constant of benzoic acid zs increased one 
hundredfold, the constant of the meta acid is 6-7 times, and of the 
para acid 6‘6 times greater than that of the unsubstituted compound. 
Here the p-nitrobenzoic acid appears stronger than m-nitrobenzoic 
acid, the opposite being usually the case. This circumstance renders 
it probable that the complex of six carbon atoms composing the 
benzene nucleus is not a rigid Aggregate. 

The two nitrosalicylic acids contain the nitro group in the meta 
position with fi’especj; to the carboxyl. They are both considerably 
stronger than 'the parent substance, and the factor in both case's is 
greater than that connecting benzoic and m - nitrobenzoio acid. 
Similar phenomena have already been noticeclr,{p 670). 

Bromonitrobenzoic acid, finally, contains the nitro group in the 
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ortho, and bromine in th'e meta position. This latter, if we take the 
numbers for benzoic and m-bromobenzoic acid as basis, would more 
than Rouble the constant. Thus, since o-nitrobenzoic acid has a 
coflstant of '66, we should expect for bromonitrobenzoic acid’ the 
number 1 ‘4 ; and this is the result of actual measurement. 

Up till now we ‘have considered almost exclusively compounds 
containing negative substituents, i.e. such as heighten the acid 
character of a substance. We met with the group methyl, however, 
which (p. 566), under certain circumstances (e.g in the passage from’ 
formic to acetic acid), diminished the value of the constant. But 
this is not always the case When methyl is substituted for 
hydroxyl hydrogen in glycbllic acid the constant becomes greater. 
Ethyl acts less powerfully than methyl. 

Aolti. K. 

Glyoollio. . .’ . CHjOH.GOaH ’Oisa 

Methylglyoolho . . CHjOlCH,) . COjH ’0836 

Bthylglyoollio . . OHsO(CaH,) . CO^H ’0234 

Phenyl has already been recognised as having a greater acid- 
forming capacity than methyl, so we cannot be sijrpi’ised that 
phenylglycollic, K = ’07 6, acid is much stronger than glyffollic acid 
itself. 

The amido group, NHj, distinctly weakens the acid properties 
of substances into which it enters. For instance, its introduction 
into benzoic acid gives the following numbers ; 


Aoid f 


K. 

Bonzolo . 

OjHb.COjH 

•0060 

o-Aitiidobenzoio 1 


•00091 

p-Amidobenzoio j- . 

. C„H4(NHj)GOaH 

•0010 }■ (approx.) 

m-AmidobenzoioJ 


OOI2J 


The constants of the amido acids cannot be determined with pre- 
cision owing to experimental difficulties They are considerably less 
than the constant of benzoic acid. 

If an acetyl group is introduced into the amido group, the basic 
properties of the latter aie not only balaneed, but outbalanced; the 
constants of the ortho and meta acetamidobenzoic acids are greater 
than that of benzoic acid. In the para compound the weakly 
negative radical effects a dfminvrtion, exactly as we found to be the 
case with hydroxyl (p. 570). 



o-AoetanSdobenzoio \ 
in- Acetamidobenzoic |- 
p-Aoetamidobonzoic j 


• K. 

CoHb-COOH -0060 

•0236 

C„H4(NH . CO . CBTalGOOd -0086 

•0052 


The foregoing examples vjill suffice to show the character of the 
information derived from measurement of the constant of electro* 
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fytio dissociation, K ; a complete onumeratibn of the results already 
obtained in this direction would be out of j)lace here. W egscheidei; 
(1902) has compiled a table of factors, with which the constant of 
the original acid is to be multiplied when a substituent enters any 
given position. It is given belown 


Radical o. 

,Q1 , . 90 

Br. 78 

I . , 42 

p , 

ON . 205 

HOn . 

OH 8-4 

OOH, . 18 6 

OOaHs 13 

SH . 12-6 

OHs . 74, 1-10, -62 

OaHc . 83, 1-31, -66 

O0H5 , S-1 


PoBltlon 111 Batinated clrofa of alipliiittc series 
p V s « 4 

6 2 2 0 1-27 

7-3 1-76 1-19 

6-7 1-53 1 00 


13-6 

2-31 


1 12 1-00 -90 -90 1 10 2 

1-20 -98 -81 ‘99 86 

1'7 


•78? 


OOOH . 34 

COO .OHs 
COO.OaHo ■ 27 


2-4 1-67 1-2 1-2 

24 

2 26 . . 


1 2 
1’28? 


Radical 

01 

Br . 

I . . 


ON 


HO 2 
OH . 


OOH 3 

OOaHj 

SH , 
OHs 



COOH . 
COO. OH, 

OOO.CaHj 


Foaibon In .arcmatrlc mioleus 


22 

24 


108 

17 

1-38 


2 68 1'66 

2-28 
2-72? 

2-3 

33 

5 •76 " 6 -BO 

V46 ^48 

1-08 -iiS 


•88 



AfEnity of the Elements. — On turning from this special province 
to more general questions, we leave Ijehind the basis of quantitative 
knowledge. We may go back to thp elements, and j^tempt to 
investigate the relations between them-and their 10 ns. This leads to 
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tlie question of the tendency to form ions, or, in figurative languagdj 
the affinity of the elementary substaneea for eleotcicity. 
Although no figures are available, the differences are so great that 
systematic connexions are easily recognised. 

There is a marked falling off in the power of' forming ions in the 
natural families in the periodic arrangement of the elements. Along 
with this the valency of the ion depends on the series to which it 
belongs. Series I, on p. 164, consists of the alkali metals, all with 
univalent kations, which are much more stable than the neutral- 
elements j their most important reactions consist in their trans- 
formation into the ionic state, or into the allied state of solid salt. 
The elements of the sub-seri’es, On, Ag, Au, show their slight affinity 
with the series by their much smaller ionic tendency, which rapidly 
falls off with increasing combining-weight. With this is united the 
power of forming complex ions which accompanies a smaller tendency 
to form elementary ions. 

Series 11. contains the elements which form bivalent kations. 
Here, too, the tendency is much greater in the main series of alkaline 
earths than in the sub-series of heavy metals. The last member, 
mercury, has to a marked degree the power of foriling complex 
anions, which is only suggested in the lower members. 

A similar state of affairs is found in Series III, but in it the 
ionic tendency is much smaller. It increases with the atoniic weight 
in the mam series, but falls oft' in the sub-series. The highest 
members again form ions with different valency. 

The peculiarity that elements with the smallest combining-weight 
have the smallest tendency to form elementary ions is very pro- 
nounced in Series IV., for the lower members cannot form ions at all, 
and only the highest one, thorium, forms stable salts. In this senes 
the differeiice between main- and sub-series is lost, the formation of 
ions being ‘faVbured by increase of formula-weight. 

These elements possess very fully the power already indicated in 
the earlier members oi the previous series, of uniting with oxygen to 
form compound anions. Simultaneously, variation in the valency of 
the ions is fully developed. 

In the elements of Series V. are seen the first traces of elementary 
anions, in the formation^ of salt-like compounds in which these 
elements represent the acid, fhese compounds are either insoluble 
in water, or are decomposed by it ; the ions do not exist in aqueous 
solution, but they may be present in the state of fusion. The anions 
containing oxygen are very important, while the elementary kations 
are confined to the highest members; they have the^ame valency. 
The first appearance of a compound Ication containing oxygefl, VdO, 
vanadyl, may be noticed. , 

Elementary bivalent aniojis are undoubtedly present in Series VI. 
The formation of anions containing oxygen is typically developed*: 
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%oth elementary and compound oxygen-coiitaining Ications occur in 
the highest ruemhers. 

The Vllth Series contains the typical elementary aniojis, the 
halogens. With the exception of the first they form anions con- 
taining oxygen ; undoubted signs are present that the highest member, 
iodine, can form with oxygen compound kations. 

The elements of the special group of the iron and platinum metals 
are distinguished by their ability to form ions with very different 
'•valehcy, and by their very marked tendency to form complex ions. 

These indications of an ionic system might be very considerably 
extended. Abegg and Bodlander (1899) have shown in particular 
that the solubility of salt-like compounds and the formation of 
complexes are closely, and to some extent quantitatively, connected 
with the property of “ electro afiinity.” 

Organic Oompoiruds. — When we tuim from ions to the non- 
electrolytes of organic chemistry, we find, as has been already 
remarked, that a great part of systematic organic chemistry is based 
upon estimations of affinity properties. Constitutive differences, such 
as characterising oxygen as hydroxyl-, ketone-, aldehyde-, ether-oxygen, 
have boon made on the ground of observations in decompositions and 
equilibria. Noteworthy beginnings of quantitative treatment have 
been made. Numerous and extensive researches of Mensohutkin 
(from 1879) on the formation of esters from organic acids and alcohols 
have shown certain regularities at least for the limited region of 
homologous and analogous compounds. Thus normal primary alcohols 
(except methyl alcohol) are esterified at the same rate; the other 
primary alcohols and the unsaturated alcohols more slowly, and the 
secondary alcohols still more slowly ; there are also differences among 
the various secondary alcohols If the same alcohol is acted upon by 
different acids, the primary fatty acids show a decreasing' velocity of 
esterification with rising molar weight. The secondary acids are 
much slower, and the tertiary acids slowest of gill. 

In recent times many researches with a ‘similar object (Weg- 
soheider, H. Groldschmidt and others) have yielded remarkable 
results, details of which can hardly bo given here. 

So, too, the mere hint must suffice that nou-aqueous solutions give 
on the whole results similar to those already obtained in aqueous 
solution, except that they are not so simple 

For in a text-book devoted to general chemistry it would he 
out of place to give a detailed "account of these relations, since they 
unquestionably belong to special inorganic and organic chemistr5n 
The development of^soience in this direction has been so recent that 
they are only now beginning to find their way into the textbooks. 
But it is universally felt that afiSnity problems will play a very im- 
portant part in chemical systematics ; apd with this gro;jxth of the 
importance which will attach to relationships ba^ed on the principles 
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of general chemistry, the cultivation of the science will also increase, 
afid it will bear new fruit. 

Stilt, however gratifying the extension of general truth has been 
in tins direction, the diversity of actual phononi.ena cannot ever bo 
completely represented ; and every attempt to find the expression ot 
this general truth in' any given case leaves behind it an endless 
variety of other problems 
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Electrolytes, complex, 449 
dilution law for, 406 
aolulality of, 411 
sparingly soluble, 447 
Eleotrolytio oondnotion, 378, 384 
dissooiatiou, 191, 891 
of salts, 405 


of w. 


r, 404 


proof of, 892 
equilibrium, 403 
ions, 639 

Electromagnetic radiations, 622 
theory of l^;bt, 612, 622 
waves, 622 

Bleotromotivo force, 379, 380 
rauiibiirement of, 481 
of piecipitation, 448 
Eleetroiis, 382, 612, 633, 530 
charge on, fi38 
mass of, 639 
positive, 637 
theory, 639 
Electroplating, 464 
Elements, 109 
aCSnity of the, 674 
for electricity, 675 
conseivatioa of the, 110, 246, 642 
table of the, 119 
Enmnatioii, 643 
Emission and absoiptioii, 615 
Emulsions, 478, 501 
Enantiotropio substances, 106 
Energetics, first law of, 31, 86, 73 
general, 241 
second law of, 32, 73 
" Energy, 18 

and matter, 242 
ohomioal, 243, 246 
utilisation of, 467 
oouservatiou of, 18 
eieetiic and magnetic, 243 
factors of, 379 
equations, 249 
fttOtors of, 243 
kinds of, 243 
klnotic, 16, 243 
radiant, 243, 611 
properties of, 612 
transformations of, 523 


Energy, surface, 66, 248, 473 

molar, 167 „ 

unit of, 20 

volume, 29, 243 " ^ r 

Enzymes, 30l 
Equality, 6 • 

Equations, simple and compound, 368 
/' chemicrl, 366, 367 
* I therniocheniioal, 249 
Equilibrium, 12 
nppaieut, 304 
centrifugal force on, 247 
components of, 306 
constants, 660 
displacement of, 106, 303 
/ electrolytic, 403 
false, 304 

in a liquid phase, 340 
mliqiiids, 309 
isothermal, 307 
law, 101 

mcasiiromont of, 660 
mutual iiifluenco, 366 
order of, 306 
arst, 808, 808 
higher, 866 
second, 293, 312 
third, 368 

graphic representation, 366 
of four ions, 412 
of three ions, 419, 42l 
physical methods, 652 
polyphase, 810 
theory of, 8d8 
temperatiu'e, effect on, 808 
Equivalent, 382 
oheiiiieal, 113 
conductivity, 386 
olcotroohemioal, 383 ' 
raaohauloali of heat, 38 
■weights, 114 
Eig, 20 ^ 

Ether, thef 612 
Buteotio point, 831, 361 
Expansion, ccefRcicnt of, 26 
modulus of, 64 
thermal, of liquids, 64 
Extrapolation, 205 

Factors of eleotneal energy, 379 
energy, 243 
Faraday’s law, 381 
Ferments, 301 
Fdti’ation of colloids, 482 
Fust law of Therinod^niamics, 31, 36, 73 
First Older of equilihvluin, 303, 306 
Fixation methods, 661 
Force, 13 

PormuliB, chemical, 120 
Formnli3, eonstitiitioni]f7120 
Freedom, degrees of, 60, 306 



Heat, specific, 36 


/Freeziiig-pouit of solutions, 184 
^ method, 185 

Frfotion, internal, 85 
Fusioi^ 99" 
curve?, complete, 351 
diagram, 361 
of ternary mixtures, 359 
partial, 360 

Gas, 23 

adsorption, 493 
huthles as nuclei, 317 
cells, 451 
constant, 163 

density, measurement of, 42 
equilibrium of liquid and, 347 
ions, 533 

positive, 633, 637, 644 
, ^piopeities ot, 636 
'isothermal work of a, 89 
law, 24 

deviations fiom, 46 
graphic representation, 26 
limiting case, 34 
Gaseous solutions, 314 
Gases, 22 
conduction in, 688 
and Ohm’s law, 534 
density of, 41 
kinetic theory of, 603 
law of volumes, 168 
liquefaction of, 58 
molar heat of, 41 
normal condition of, 28 * 
solution of, in liquids, 316 
specific heats of, 36 
viscosity of, 608 
volume of, 41 
Gay-Lussac’s law, '168 
General cliemistiy, 2 
Gram, 8 

Group properties, 668 
Giildberg and 'Waage’s law, 422*. 

Heat, 243 
atomic, 208 
capacity, 36 
conservation of, 36 
• kinetic natiu'e of, 485 
meohanical equivalent of, 38 
of combustion, 279 
additive nature of, 279 
data, 281 

Pfcssure effect, 280 
of dissociation, 409 
of formation, 262 
of ionisation' 276 
of acids, 275 

^___,/'Sjf neutralisation, 274, 407 
of solution, 330^ 

and solubility, 330 , 


Internal friction, 86, 88, 608 
Inversion of cane-sugar, 291 
Ionic changes at electrodes, 467 
lenotions in the voltaic cell, 436 
Ionisation, 191, 391 
heat of, 406 
of acids, 276 
in stages, 398 
of salts, 406 
of water, 404 
proof of, 392 
Ions, 192, 384, 394 
as nuclei, 637 
\ ^ colour of, 621 
’ composition of, 395 
concentration of, 559 
olec^ical properties of, 896 
electiolytic, 639 
gaseous, 633 
positive, 633, 637, 644 
properties of, 535 * 

heat of formation of, 276* 

, of water from, 274 
hydrated, 340 
iBomensiii of, 400 
* migratinn, velocity of, 889 




M 




of gases, 36 
at constant pressure, 40 
at constant volume, 40 
summation, law,of constant, 248 
Heterogeneous cololysis, 301 
systems, reactions in, 297 
Hexagonal system, 92 
Hoxakisoetaliedral class, 93 
Hexakistetrahedral class, 93 
Homogeneity, 66 
Homoeomorphism, 210 
Hydiates, eflloresoenca of salt, 845 
Hydnon, 398, 404 
Hydrogen iodide, equilibrium, 337 
oxygen cells, 456 
Hydrolysis, 428 
Hydioxidiou, 398, 404 
Hypothesis, 117 
atoiiiio, 117, 196 
Avogadio’s, 163 
molecular, 196 

Imago production by radiant energy, 614 
Inoomiilete reactions, 296 _ 
Incompressible volume, 47 
Independent components, 356 
Index, refractive, 227 
Indicators, theory of, 426 
n Indirect theimoclieiuioal estmiations, 261 
If luduotion, photochemical, 627 '• ‘ 

' lustriimeuta, measuring, 4 

> Intensities, 31, 243, 244 
Intermediate leaotlous, 299 
stages, law of, 561 
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Ion-), luultivaleut, salts of, 409 
of water, 897 
pi’oportioa of, 890 
aymbols of, 307 
thevuiocLomistry ot, 372 
valency of, 396 
IrrovorsiUe colloids, 490 
Isoeleotnc point, 488 
Isoliydrio solutions, 413 
Isolation of reaction tactors, 661 
Isomerism, 197 
of ions, 400 
Isomorpliisin, 209 
Isomoiplioua crystals, 384 
Isotliormal work of n gas, 39 
laotliermals, 65 
Isotropic crystals, 94 

Joule, 39, 382 
Joule's law, 380, 381 


Kathode, 416 
rays, 633, 636, 544 
streams, 636 
Katioas, 193^884, 396 
Kilogram staiiilaul, 8 
Kiuetio analysis of lenctions, 660 
eneigy, 16, 243 
nature of lient, 486 
theory ot gases, 603 
liquids, 610 
solids, 610 

Kmotios, ohemical, 286 
Knhliauach’s law, 388 
Kopp’s law, 233 


Labile states, 69, 101 
Law, dilutioii, 406 
deviations, 408 
distrilmtion, 876 
Faraday’s, 381 
gas, 24 
deviatious 46 
grapino lopiesentatioii, 26 
GavLiissac’s, 168 
Giildbcrg and Waage’s, 422 
Joule’s, 380, 381 
-■ Kopp’a, 233 

of .'ipjjL'iiranee of unstable torins, 106, 
311 

,v/ of conibuiing weights, 114 
V of conservation ot capacities, 246 
ot constant lieat summation, 248’^ 
of deorescenoes, 96 

of displacement of eqiuhbnnin, 105, 303 
ofjCfjnililu'ilnn lOL 
of gas volumes, 168 

is-action, 287, 808, 337, 422 
of multiple proportions, 116 
of synimetiy, 00 
Ohm’s, 380 


\/ 


Law, partition, 376 
periodic, 162, 218 
preouvaors of, 162 

Law's of catalytic action, 298 ' ^ „ 
of conservation, 1 
of energetics, 81, 73 
of phutocbemistry, 626 
Life of ig^ioactivo elements, 644 
Light, 611 

ctteotiva fraotioii of, 627 
clcctromagiiotio theory of, 622 
seiistbility to, 626 
■wave-leiigths of, 227 
Limited solubility. 328 
Lines, reversal of spectrum, 620 
Liquefaction, 66 
of gases, 458 
point, 68 

Liquid crystals, 107 
eqtiilibiinm betwoeu gas aud, 347 
phase, equilibrium lu, 840 
solutions, tonmiy, 3.69 
Liquids, 23, 61 
active mass of, 820 
oonquessibility of, 63 
eqiiillbmim between solids and, 348 
in, 309 

kinetic theory of, 610 
molar constants of, 214 
volume of, 224 
vveiglit of, 168 
refraction in, 227 
solid compounds of, 349 
solutions otfeosos lu, 816 
of liquids In, 319 
of solids in, 326 
thermal expansion of, 64 
vapoiii pressure of insoluble, 326 
Lumiuesoeiice, ehemio.alr 623 

Magnetic and oleetiuo eii9rgj’, 243 
rotation, 239 
Mass, 16 f 

action, 287, 308, 837, 422 
active, of liquids, 320 
conservation of, 16 
of an electron, 639 
unit of, 19 

j Matter and energy, 242 ♦ 

atomic-molcoular nature of, 483 
Measurement, 3 
of electric oonduotivity, 386 
potential, 431 
of equlhLrium, 650 
Measuring iiistrimionCs, 4 
Mcebaiiioal equivalent of heat, 38 
Meltnig-poiiit of polymorphous foi’ms, 104 
Membranes, seroi-permeable, 482 
Metals. 119 

'■ cleotwcal deposition 464 
disintegration of, 490 
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Metals, electrochemical sei'les of, '450, 462 
thormooliemwtry of, 266 
Metamerism, 198 

Meta|table limits, efleot of foreign siili- 
s&noes on, 629 
state, 69, 101 
Miorocliemiatry, 479 
special, 492 
Microns, 491 

Migration, coueentration cells rvitli, 440 
electrical, 488 
velocity of ions, 389 
Milk, 478 

Miscibility, partial, of liqmrls, 328 
partial, and vaponr pressure, 324 - 
Mist, 478 

Mixed crystals, 210 
Mixtures, 66 
Modulus of expansion, 54 
Mol, 41 

Molar constants of liquids, 214 
eleotno conductivity, 386 
heat, 41 
of gnseo, 41 
of vaporisation, 72 
refraction, 230 
rotation, 236 
surface energy, 167 
volume of liquids, 224 
of solids, 222 
weight, 42, 169, 211 
determinations, 179 
of oompouuds, 161 
of salts, 173 " 

Molecular compounds, 203 
dimensions, 608 
hypothesis, 198 
movements, 642 
weight, 42, 1§4, 206 
Moleoules, 164, 199 
mean free paSh of^ 008 
number of, 505, 609 
,siso of, 608 5, 

velocity of, 606 
Monoclmic system, 92 
Monotropio substances, 106 
Multivalent ions, salts of, 409 
radicals, 200 


Negative catalyseis, 300 
Negative gas Ions, 633, 635 
Neutral salt effect, 414 
Neutralisation cells, 464 
heat of, 274, 407 
process in aquecsis solution, 420 
Nickel carbonyl equilibrium, 344 
Nitrogen peroxide equilibrium, 806 
Non-metals, theiraocliemistry of, 268 
Normal cell, 432 

conditions «j, 435 « 

condition of gases, 28 ^ 


i/ 


Normal eloutiode, 461 
gas, 42 
pressure, 28 
temperature, 28 
Nuclei, 480 
gas bubbles as, 317 
ions as, 637 

Number of molecules, 605, 609 

Ohm, 381 
Ohm’s law, 380 
and conduction in gases, 634 
Order of equilibrium, 305 
equilibrium of 6rst, 303, 306 
of second, 293, 312 
of third, 365, 356, 368 
of higher, 366 
Ordinates, 27 

Organic compounds, thermochemistry of, 
278, 279 

Osmotic prossnre, 171 
theory of the voltaic cell, 442 
Overcoolmg, 67, 101, 311, 317 
of liquid mixtures, 333 
Overheating, 68 
Over-voltage, 466 ^ 

Oxidation, 401 
cells, 466 

Oxidising agents, 437 
elcotrochomicals, senes of, 463 
Oxygen, density of, 42 ‘ . 

hydrogen gas cells, 466 

Paralielosterism, 223 
Partial miscibility, 828 
pressures of liquid solutions, 320 
solubility in ternary eystems, 364 
with solid phases, 338 
Partition ooefRcient, .376 
Peak, ourves with, 349, 351 
Pontagon-icoaitetrahedrul class, 98 
Period of half-decay of radium, 644 
Periodic law, 162, 218 
piecursors of, 152 
Perpetniim mobile, 15 
the second kind, 33, 74 
Phase, 60 

one, and two components, 336 
rule, 60, 306 
Phases, coexistent, 368 
equilibrium between, 318 
number of coexistent, 360 
reSctioiis between, 297 
Phlogiston, 10 

Phospboins pentachloiide, equilibrium, 33 
vapour density of, 166 * 
Photochemioal iudiictlon, b27 
phenomena, 624 
Photochemistry, 611 
laws of, 626 

Photographic developers, 630 
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Photograpliio plate% 629, 630 
positives, 631 
PiiotograpLy, 616, 629 
Physical chemistry, 2 

iiiathoils of dutermnijug eq^iillihriiiin, 
562 

Physics, 2 

Platinotype process, 531 
Polar propel ties, 94 
PolaiiSfttion, 880, 464 
potential, 469 
' ‘ .11 of plane of, 284 


Polonium, 641 
Polymerisin, 198 
Polymorphism, 103 

Polymorphous foims, melting points of, 
104 

vapour piessiues of, 104 
Polyphase eqiillibnnin, 310 
Positive gas ions, 633, 637, 544 
Potential ehaiiuonl, 246, 310 
eleotnoal, mensnremeiit of, 431 
polausatiou, 409 
senes ot nietivls, 469, 462 
oviilisiiig nlid recluoiiig agents, 463 
super-, 466 
Potentials, single, 459 
Pieoipitations, electromotive foroo of, 448 
Piossuro, 24, 29 
absolute "unit of, 30 
capillary, 476 
ooefiieient, 26, 60 
dissoeiation, 343 

effeet on heat of combustion, 280 
on solubility, 331 
natiue of, 31 
iioriiial, 28 
osmotic, 171 
radiation, 613 

solution, 444 y 

vapour, 07, 61 \/T 

abnormal, 166 

Pi'iniary reactions at eleotroiles, 468 
Prmeipiil avis, 93 
valency, 208 

Principle of coovistence, 296 
Pi'isimitio class, 92 
Propel ties, additive, 157, 191 
coUigative, 164, 212 
constitutive, 221 
of ions, 899 
polar, 94 
specific, 1, 195 
Proportious, constant, 112 
multiple, 11 r 
"Piotyle,” 161, '640 
Pseudostable systems, 306 
Pure substances, 66, 67 
^Pycnonietor, 52 
Pyramidal class, 92 


E, the gas constant, 163, 486 .■ 

Eacomic form, 236 
Eadiant eneigy, 243, 611 
imago production by, 514 
piopeiti^ of, 612 
tvausfoimations of, 523 
Eadiatiou and chemical energy, 514 
eleetromagnetie, 622 
in caloriinetiy, 266 
of radioactive substances, 644 
pressure, 613 
temperature, law of, 617 
Radical theory, 198 
Radicals, multivalent, 200 
Badioaotivo elements, 540 
hfb of, 644 

period of half decay, 644 
table of, 646-8 

tiansformatioii, products of, 546 
tiansformation, theory of, 642 
volooily of traiisforniatloii, 643 
substances, 640 
radiation of, 644 
Radioactivity, 633 
Radium, 541 

spontaneous transformation of, 642 
Rays, cbemieal, 528 
kathode, 633, 686, 644 
Eoiitgen, 644 

Reaction, factors, isolation of, 661 
velocity of, 289, 669 
temperature effect, 297 
theory of, 668 
Reactions, anomalous, 429 
between two phases, 297 
complete, 304 » 

incomplete, 295 
intermediate, 299 ' ' 

kinetic analysis of, 560 
of first or^r, 288 
of higher order, 296 
of second order, 293 
ot third order, 293 
reversible, 300 

Reducing agents, potential senes of, 466 
Bediiqtion and oxidation, 401 
Itoflexloii, 90 
rotatory, 90, 91 
Befiaotion forinulie, 228 
in liquid!., 227 
atomic, 230 
molar, 230 
Eefractivo index, 227 
Eegiilar structure, 96 
Eelative weight, 7 
'^Eesistaiice, spcciho, 386 
ifmt of, ,381 rf 

Retardation, catalytic, 300 
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Eeversal of fcpeotrum lines, fi20 
Eeveraibility, 73 
"Reveisible cycles, 71 
Kcaotrons, 300 
Uhoniliic system, 92 
Rhomboliedittl class, 92 . 

Bontgen rays, 644 
Botatioii, 90, 91 
magnetic, 239 
molar, 235 
apeciflo, 239 

Rotatory reflexion, 90, 91 

Salts, 111, 394 
dissociation of, 405 
double, 378 
solubility of, 417 
hydrates, effloiesoeiioe of, 345 
molar weight of, 17S 
neutral, oouduotivity of, 888 
of multivalent ions, 409 
order of beparatiou of, 429 
solutions of, 190 
thermochemistry of, 272 
Satiu-ation, 326 
Soalenoheciial class, 92 
Second, 19 

law of eiieigetios, 31, 73 
Older, equilibrium of, 298, 812 
Secondary reactions at electrodes, 468 
Selective affinity, 420 
Scmi-permeahle meinhianes, 171, 482 
Sensibility, 4, 6 
Similarity, chemical, 23^ 

Single phase equilibrium of second order, 
336 

potentials, 469 
Singular solutions, 322 
Solid oompouuds of liquids, 349 
phase and gas, 3^2 
phases, two' and gas, 844 
solutions, 214, 334 
Solids, 23, 88 % 

and liquids, equiUhrinm between, 348 
Icinetic theory of, 610 
molar volume of, 222 
weight of, 214 
solutions of, 111 liquids, 326 
viscosity of, 88 -> » 

Solubility, anomalous, 449 
and heat of solution, 330 
curves, 328 
breaks in, 329 
determination of, 326 
eflhot of pressiihe on, 331 
of electrolytes, 411 
of Sparhigly soluble salts, 449 
partial, with solid phases, 383 , 

in ternary systems, 864 
product, 42S» ■> * 

temperature coefficient, ^28 


Solution, critical point, 369 
dofimtion of, 57 
general charncteustic of, 335 
heat of, 330 

and solubility, 330 
piessure, 444 
Solutions, 56, 312 
adsorption fiom, 495 
uoncentiated, 341 
dilute, 170 
theory of, 188 
distillation of, 322 
electrolysis of mixed, 466 
freezing-points of, 184 
gaseous, 314 
isohydric, 413 

liquid, partial pressures of, 320 
ternary, 359 
vapour pressures of, 322 
volume of, 320 
of gases lu liquids, 316 
of liquids in liquids, 819 
.of solids lu liquids, 326 
of thud 01 del, 871 
singular, 322 
solid, 214, 334 
supereatuiated, 327 
surlace of, 497 
theory of, 188 
vapour pressure of, 178, 320 
Solvent and solute, 320 ' • ' 

compounds with, 340 
Space, 19 

Sparingly soluble electrolytes, 447 
salts, solubility of, 449 
Specific heat, 85 

at coustaut pressure, 40 
at constant volume, 40 
of gases, 36 
properties, 1, 196 
rotation, 239 
volume, 51 
weight, 61 

Spectra, absorption, 520 
diffraction, 618 
properties of, 619 
reveisal of Hues, 620 
Spectroscope, 618 
Spectrum, 227 
analysis, 617 
Sphenoid class, 91 
Stajile state, 69 
Standard cell, 432 
conditions in, 436 
gas, 42 

piessnre, 28 • 
temperature, 28 
States of aggiegation, 22 
and number of phases, 310 
Stereochemistry, 204 
Struotnial tormulse, 201 
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Submicrons, 491 
Sabnucrosoopio region, 483 
Snbstauces, 22 
Snbstvtutioii, reactions, 365 
tbcoiy, 198 
weighing by, 9 
Summit, curves with, 851 
Super-potential, 486 
Supersaturated solutions, 327 
of sodium sulphate, 328 
.Supersaturation, 67, 833 
Siu’face and volume concentration, 499 
Surface oonoentrotion, 492, 498 
curved, vapour pressure of, 84 
energy, 65, 243, 473 
molar, 187 

molar, a colligativo property, 167 
layer, thickness of, 83 
of solutions, 497 
phenomena, theory of, 476 
speoiho, 474 
state, 476 

tension, 64, 80, 480 
ami bubble fonuation, 318 
and heat of vaporisation, 81 
lueasiuomenC, 82 
Suspended transfonnatiou, 333 
Suspensions, 473, 478 
Symbols of ions, 397 
Symmetry, axis of, 91 
centre of, "94 
crystal, 91 
law of, 90 
plane of, 90, 06 
Synthesis, 110 
System, oiibio, 93 
hexagonal, 02 
iiionoclinio, 91 
ihombio, 92 
tetragonal, 92 
trigonal, 92 
triolinio, 91 
Systems of axes, 90 


Ternary critical point, 361 
liiiiud solutions, 369 

mixtures, fusion of, 367 , ' 

vapour piessiire of, 363 ' 

systems, partial solulnlity, 364 
TetiahecUol-pentagoiidodeoahedral class, 
98 

Theory of lijjiht, electiomagnetic, 512, 622 
of valency, 201 

Tlieiiual conduction in gases, 508 
expansion of liquids, 64 
Thermoehemical equations, 249 
estimations, indirect, 261 
measurements, calonlation of, 266 
methods, 249 

Tiiermochemistry, 241, 247 
of ions, 272 • 
of metals, 266 
of non-metals, 258 
of organic compounds, 278 
of salts, 272 

Thormodynamio scale of temperature, 80 
Thermodynaittics, first law of, 31, 73 
second law of, 31, 72 
Tliermomctors, 31 
Thermonontrality, 272 
Thiid ordor, oquilihriiini of, 868 
Time, 9 
unit of, 19 

Transformation of radiant energy, 623 
pioduets of radioactive elements, 645 
spontaneous, of radium, 642 
theory of ladioaotive elements, 842 
velocity of lodiOUotiva elements, 643 
velocity of, 106 
Transition point, 108 
temperature, 105 
Tiapezohedral class, 02 
Tnttds, 152 , 

Tnaxial crystals, 94 
Triple point, 100 ' ' 

Tiiibidity at ciitical point, 487 
Types, tliooi'y«of, 200 



INDEX OE SUBJECTK 


heat of, 72 

ana aurliioe tension,. 81 
molar, 72 

Vapoiu pressure, C7, 61 ^ 

abnormal, 166 
diminution, theory ol, 182 
formula, 61, 78 
of curved surfaces, 84 
of liquid solutions, 822 
of mixed niBoliible liquids, 325 
of polymoi pilous forms, 104 
of solutions, 178, 320 
of ternary nuxtiiies, 363 
Velocity, chemical, 288 
ooiistiuits, 650 
aoeffloient, 289, 294 
inigiatiou, of ions, 389 
of diffusion, 608 
of molecules, 506 
of reaction, 289, 659 
tempaiatiiia offeot, 297 
theory of detorimniiig, 658 
of tinnsforinatiou, 106 
of transformation of radioactive elements, 
54S 

Vibrations, atomic, 686 
Virtual work, 13 
Viscosity, 86, 88, 508 
Volt, 381 

Voltage, over-, 466 " 

Voltaic cells, 480 
constant, 435 
ideal state, 436 
lonio reactions in, 436 


Voltaui cells, oaiuoUc tlieoiy of, 112 
theory of, 433 

Volta’s theory, 45S 

Volume, atomic, 222 
entioal, 66 
energy, 29, 243 
law of gas, 158 
of gases, 41 

of liquid solutions, 320 
speeilic, 61 

Volumetric methods, 666 

W.ilei, ilissociatinu of, 404 
gns, 369 

heat ot formation from ions, 274 
ions of, 397 

Wave-lengths of light, 227 

Weighing by substitution, 9 

Weight, 2 
absolute, 7, 11 
and mass, 16 
atomic, 118, 211 
oombimng, 114 
conservation of, 11 
relative, 7 , 

3peoi6c, 61 
unit of, 8 

Weights, atomic, iutoruatioiial. 122 
choice of, 206 
table of, 160 
equivalent, 114 / 

Work, con.servation of, 14 
isothermal, of a gas, 39 
virtual, 13 

Zero, absolute, of tomperutni'o. 32 
methods, 6 



